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ABSTRACT 

This article provides an in-depth overview of in situ floating 

gel systems designed for advanced gastro-retentive drug 

delivery. These systems begin as liquids that transform into 

gels upon contact with physiological triggers such as changes 

in stomach pH, temperature, or ionic strength, leading to 

sustained, site-specific drug release. Their buoyancy in gastric 

fluids allows for prolonged stomach retention, making them 

especially valuable for drugs with absorption limitations or 

instability in the intestines. The review covers the use of 

various biopolymers such as gellan gum, sodium alginate, and 

pectin, as well as synthetic polymers like Carbopol and 

hydroxypropyl methylcellulose (HPMC), examining their roles 

in gelation, mechanical strength, and the regulation of both 

buoyancy and drug release. Key gelation mechanisms, 

including pH sensitivity, temperature responsiveness, and ion 

activation, are discussed along with vital formulation 

techniques and process variables for ensuring optimal performance. The document addresses 

practices for incorporating drugs and excipients and outlines methods for evaluating 

physicochemical properties, muco-adhesion, gastric retention, and drug release profiles in 

vitro. A range of clinical applications is highlighted, such as the gastric delivery of anti-

ulcer, antihypertensive, and antibiotic medications, supported by practical case studies. 

Additionally, the review discusses challenges like formulation stability, reproducibility, 
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industrial scaling, and regulatory matters. It also examines recent progress in stimulus-

responsive smart gels and combinatorial delivery approaches. In summary, in situ floating 

gel systems are presented as innovative solutions for achieving extended, controlled drug 

release with improved patient adherence, and the text outlines both current approaches and 

emerging directions for research and therapeutic application in this dynamic field. 

 

KEYWORDS: Additionally, the review discusses challenges like formulation stability, 

reproducibility, industrial scaling, and regulatory matters. 

 

Overview of In Situ Floating Gels 

The notion of in situ floating gels as sophisticated drug delivery systems is substantiated by 

recent scientific literature. These gels are often liquid formulations that convert into gels upon 

exposure to physiological stimuli in the stomach, such as alterations in pH, temperature, or 

ionic strength. This gelation facilitates buoyancy in stomach fluids, so extending gastric 

residence duration and permitting regulated, sustained medication release.
[1] 

 

Definition and significance of in situ gels 

In situ gels are sophisticated drug delivery systems that are initially in a liquid (sol) state 

before administration and undergo a transformation to a gel state upon exposure to specific 

physiological stimuli such as changes in temperature, pH, or ionic strength within the body. 

This sol-to-gel transition enables the formulation to remain localized at the site of 

administration, allowing for controlled and sustained release of the drug over an extended 

period. As a result, this leads to enhanced drug bioavailability, reduced dosing frequency, 

improved patient compliance, and the possibility of targeted therapy. The gel acts as a 

reservoir, gradually releasing the drug in a controlled manner and protecting it from 

environmental degradation. These advantages make in situ gels particularly useful for various 

administration routes, including oral, ocular, nasal, buccal, and others. Natural and synthetic 

polymers that exhibit stimuli-responsive gelation are employed to achieve this effect, 

facilitating both localized and systemic drug delivery efficiently.
[2] 

 

Significance of floating medication delivery devices in gastric retention 

Floating drug delivery systems (FDDS) improve gastric retention by remaining buoyant on 

stomach contents for extended durations, hence inhibiting premature gastric emptying. The 

prolonged stomach retention facilitates continuous drug release, enhancing absorption and 

bioavailability, particularly for medications with a limited absorption window in the upper 
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gastrointestinal tract or those that are unstable or poorly soluble in intestinal fluids. FDDS 

decreases dosing frequency, minimizes fluctuations in plasma drug concentrations, and 

consequently improves therapeutic efficacy and patient adherence. These systems are 

especially beneficial for medications necessitating localized gastric action, such as antacids, 

by minimizing systemic side effects through targeted administration. Effective buoyancy, 

however, relies on adequate stomach fluid and a minimal floating force, rendering FDDS 

inappropriate for some medications or situations characterized by low gastric content.
[1]

 

 

Mechanisms of Buoyancy and Gelation in In Situ Floating Gels 

pH-Responsive Gelation 

Polymers employed in pH-sensitive in situ gels possess acidic or basic functional groups that 

either take or release protons in response to the ambient pH. This proton exchange induces 

conformational alterations and crosslinking, culminating in gel formation. For instance, 

Carbopol (a derivative of polyacrylic acid), sodium alginate, and chitosan demonstrate 

gelation induced by alterations in physiological pH. In ophthalmic applications, the shift from 

acidic to neutral pH triggers gelation, thereby stabilizing the drug formulation and enhancing 

ocular residence time through the formation of hydrogen bonds with mucin on the ocular 

surface.
[3] 

 

Thermally Induced Gelation 

Specific polymers, such as poly(N-isopropyl acrylamide) (PNIPAM), experience a sol-gel 

transition at a defined temperature known as the Lower Critical Solution Temperature 

(LCST), around 32 °C. At temperatures beneath the Lower Critical Solution Temperature 

(LCST), PNIPAM polymers exhibit hydrophilicity and manifest as soluble coils in aqueous 

solutions. Upon heating beyond the Lower Critical Solution Temperature (LCST), they 

exhibit hydrophobic properties and aggregate into a gel network as a result of hydrophobic 

interactions and intrachain bonding. The gelation process is reversible, facilitating simple 

administration in liquid form and subsequent gel formation at body temperature, which 

renders PNIPAM extensively utilized in thermo-responsive drug delivery systems.
[4] 

 

Ion-Induced Gelation 

Ionic gelation transpires when polymers, such Gellan gum, pectin, or alginate, engage with 

divalent cations such as Ca²⁺ or Mg²⁺ found in physiological fluids. The cations interlink the 

negatively charged polymer chains via electrostatic interactions, resulting in gel formation. 

This method is extensively employed in gastrointestinal and ocular drug delivery, wherein 
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variations in ionic strength induce gelation that prolongs drug release. The crosslinking 

strength and gel characteristics are influenced by the kind and concentration of cations, in 

addition to the polymer structure.
[5] 

 

Principles of buoyant behavior 

Low Density: The principle states that floating dosage forms possess a bulk density inferior 

to that of gastric fluids (approximately 1 g/cm³), enabling them to remain buoyant on stomach 

contents without interfering with gastric emptying. Upon interaction with gastric fluids, the 

polymers and gel-forming agents in the formulation expand and encapsulate air within the 

matrix, preserving a density inferior to that of the gastric fluid. This buoyancy extends 

gastrointestinal residence time, facilitating continuous drug release while ensuring the dose 

form stays buoyant during its activity.
[5] 

 

Gas Formation: The principle of gas formation involves the incorporation of gas-generating 

chemicals, such as sodium bicarbonate or calcium carbonate, in floating medication delivery 

systems to generate carbon dioxide upon reaction with gastric acid. The produced gas 

becomes confined within the gel or polymer matrix, decreasing the system's density and 

allowing it to buoy on gastrointestinal juices. This buoyancy extends stomach residence time, 

facilitating extended medication release without influencing gastric emptying.
[6] 

 

Swelling and Expansion: Specific floating drug delivery systems expand upon interaction 

with stomach fluids, resulting in an increase in size that reduces their density and inhibits 

rapid transit through the pyloric sphincter. The swelling is mainly attributed to hydrophilic 

polymers such as hydroxypropyl methylcellulose (HPMC) and sodium alginate, which absorb 

water and create a gel matrix that encapsulates air. The augmented size and buoyancy extend 

stomach retention, hence improving sustained medication release and absorption.
[7] 

 

Maintenance of buoyancy: A minimal buoyant force is crucial for sustaining the dosage 

form's flotation on gastric contents, necessitating sufficient gastric fluid volume and an 

optimal formulation. The floating force is the disparity between the buoyant force and the 

weight of the dose form, ensuring it remains suspended for the intended stomach residence 

duration. The appropriate density, dimensions, and morphology of the dose form, together 

with adequate gastric fluid, facilitate the preservation of buoyancy during the drug release 

interval.
[8] 
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Hydrophobic interaction: Nonpolar polymer segments combine to reduce their exposure to 

water, creating hydrophobic domains that reinforce the gel network. Block copolymers, such 

as poloxamers, undergo self-assembly via hydrophobic contacts, resulting in a gel matrix that 

underpins the structure and function of the formulation.
[9] 

 

Ionic/Charge Interaction: Polymers possessing charged groups (e.g., carboxylates, amines) 

can establish ionic crosslinks via electrostatic attraction, exemplified by alginate crosslinking 

with calcium ions or chitosan interacting with negatively charged entities. pH variations can 

influence charge interactions, hence impacting gelation and drug release.
[9] 

 

Hydrogen Bonding: Polymers establish hydrogen bonds between functional groups (e.g., 

hydroxyl/carboxyl), facilitating the creation of gel networks. Combinations of natural 

polymers (e.g., gelatin with agar or starch with carboxymethyl cellulose) utilize hydrogen 

bonding to enhance gel strength and injectability.
[10] 

 

Covalent cross-linking: Refers to the formation of chemical connections between polymer 

chains by covalent links, which augment the mechanical strength and stability of gels. This is 

typically accomplished using crosslinking chemicals or click chemistry, such as Michael 

addition reactions.
[11] 

 

Gel Matrix Formation: Gelation transpires by the formation of a three-dimensional polymer 

network that encapsulates water and medicament molecules. This network is established 

through physical connections (hydrophobic, ionic, hydrogen bonding) or chemical 

interactions (covalent crosslinking), contingent upon the polymer system. The gel matrix 

regulates drug diffusion rate, swelling behaviour, mechanical properties, and biodegradation 

profile, all of which are essential for targeted and sustained drug release.
[12] 

 

Polymers Utilized in In Situ Floating Gel Formulations 

Biopolymers 

Gellan gum is a bacterial exopolysaccharide known for its excellent gelling, stabilizing, and 

bioadhesive properties. It forms gels in the presence of cations and is biocompatible, 

biodegradable, and extensively used for controlled drug delivery and tissue engineering 

applications.
[13]

, alginate is a naturally occurring anionic polysaccharide extracted from 

brown seaweed. It gels through ionic crosslinking with divalent cations like calcium, making 

it suitable for encapsulation and sustained drug release in oral and topical formulations.
[14]
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Pectin is a plant-derived polysaccharide rich in galacturonic acid residues. It forms gels 

primarily via calcium-mediated ionic interactions and pH-dependent gelation, widely 

applied in drug delivery systems for colon targeting and controlled release.
[14,15] 

 

Synthetic polymers: Carbopol is a synthetic high molecular weight polymer of acrylic acid 

known for its excellent swelling capacity and bio-adhesive properties. It gels rapidly upon 

neutralization with body fluids, making it ideal for controlled and sustained drug release 

formulations, especially in topical and oral systems.
[16]

 Methyl cellulose is a semisynthetic, 

inert, and viscoelastic polymer widely used as a controlled-release matrix former. It hydrates 

and swells in aqueous media, forming a gel barrier that modulates drug diffusion and release 

rates, and is commonly utilized in oral tablets, capsules, and gel formulations.
[17] 

 

The significance of polymer blends in gel strength and buoyancy 

The role of blending polymers in gel strength involves enhancing the mechanical and 

rheological properties of gels through increased cross-link density and the optimization of 

polymer interactions, including hydrogen bonding, ionic interactions, and entanglements. 

Hybrid hydrogels that integrate natural and synthetic polymers have higher mechanical 

stability and elasticity owing to the synergistic properties of polymer chains and greater 

network interconnectivity. This produces gels capable of enduring physiological stressors 

while preserving structural integrity.
[18]

 In floating medication delivery systems, polymer 

blends can regulate swelling behaviour and density. The swelling ability of hydrophilic 

polymers enhances gel volume, decreases overall density, and fosters buoyancy. Moreover, 

polymer blends can promote gas entrapment inside the gel matrix, hence improving flotation. 

The equilibrium between polymer hydrophilicity and hydrophobicity, in conjunction with the 

degree of crosslinking, determines the gel's capacity to remain buoyant for extended 

durations.
[19] 

 

Methods for the Preparation of In Situ Floating Gels 

Essential formulation strategies for in situ floating gels employ certain stimuli that convert 

the formulation from a liquid to a gel post-administration, facilitating buoyancy and 

prolonged drug release can be achieved by Employing alterations in temperature, pH, or 

solvent composition to initiate gelation. Certain polymers, for instance, undergo gelation in 

reaction to gastric pH or body temperature, facilitating the creation of a buoyant gel within 

the stomach.
[20] 

The application of cross-linking chemicals, such as calcium ions in 

conjunction with sodium alginate, induces gelation upon interaction with gastric juices. 
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Alternative approaches depend on chemical interactions between polymers and excipients 

that promote in situ gel formation.
[20] 

The ambient physiological conditions, such as ionic 

composition or pH levels, induce gelling of the formulation upon administration, facilitating 

buoyancy and regulated drug release.
[20]

  

 

Methods of preparation and process parameters 

The formulation of in situ floating gels generally entails dissolving polymers such as sodium 

alginate and HPMC in distilled water through mild heating and continual agitation to obtain a 

uniform solution. Upon cooling below 40°C, the medication and cross-linking agents, 

including calcium carbonate, are integrated while stirring continuously to prevent drug 

degradation and achieve homogeneous dispersion. The concentrations of polymers and cross-

linkers are refined to attain the intended gelation characteristics and prolonged drug release 

profile. The resulting gel solution is stored correctly until needed.
[21]

 

 

Critical process parameters for the formulation encompass 

pH kept between neutral and slightly acidic (6.7–7.2) to guarantee stability and good gelation. 

Viscosity is affected by the concentrations of polymers and cross-linkers, which in turn 

determine gel strength, drug release, and buoyancy. Heating to a temperature of 60°C is 

required for polymer dissolution, followed by cooling prior to drug incorporation to avert 

deterioration. Buoyancy lag time and length assessed to guarantee rapid gelation and 

extended flotation (often exceeding 12 hours). The in vitro gelling capacity was evaluated in 

simulated stomach fluid to verify quick gel formation and the stability of the gel over time.
[21]

 

 

Integration of pharmaceuticals and excipients 

Drugs and excipients are integrated into in situ floating gels by dispersing or dissolving them 

in a pre-prepared polymer solution, commonly composed of polymers such as sodium 

alginate or HPMC. Subsequent to the preparation of the polymer solution, the medicine is 

uniformly integrated or dissolved inside it, guaranteeing homogeneous distribution. Cross-

linking compounds, including calcium carbonate or calcium chloride, are then included to 

facilitate gelation upon interaction with gastrointestinal juices. Furthermore, buoyancy agents 

such as sodium bicarbonate are integrated to enhance flotation. This procedure yields a gel in 

the stomach, facilitating sustained medication release, enhanced bioavailability, and extended 

gastric retention.
[22]
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Strategies for optimizing stability and gelation duration:  Optimization solutions for in 

situ floating gels entail refining formulation and process parameters to improve stability and 

regulate gelation duration. Essential tactics encompass. 

 

Modifying Polymer Concentration: Polymers such as Poloxamer 407 and Carbopol 934P 

are adjusted to regulate viscosity and gelation temperature; elevated concentrations enhance 

viscosity and lower gelation temperature, hence expediting gel formation. Enhancing Cross-

linking Agents: Calcium carbonate and additional cross-linkers are modified to augment gel 

strength, buoyancy, and floating lag time by creating a more compact gel network that 

efficiently entraps gas. pH Regulation: Sustaining the formulation's pH within an appropriate 

range (~6.9–7.4) is essential for preserving drug stability and ensuring uniform gelation. 

Temperature management: Precise heating during polymer breakdown and regulated cooling 

prior to drug integration avert deterioration and facilitate consistent gelation. Viscosity 

Monitoring Consistent monitoring informs modifications to achieve an equilibrium between 

ease of administration and optimal gel strength for gastric retention. In Vitro Gelation 

Testing: Visual and instrumental evaluations validate the prompt and enduring gel formation 

together with appropriate buoyancy behaviour. The application of statistical designs, such as 

factorial design and response surface methods, facilitates the simultaneous optimization of 

numerous parameters, hence ensuring the optimal gelation duration, stability, and drug 

release profiles.
[23]

 

 

Assessment Techniques for In Situ Floating Gels 

Common evaluation methods are, Visual inspection for colour, odour, and clarity; pH 

measurement to ensure compatibility and stability, typically maintaining pH between 6.9 and 

7.4.
[24] 

Measurement of solution viscosity using instruments like Brookfield viscometers; 

gelation time is assessed by adding the formulation to simulated gastric fluid (0.1N HCl) and 

recording the time for gel formation.
[25] 

Determine floating lag time (time taken to float) and 

floating duration (how long it remains buoyant) in simulated gastric fluids to evaluate gastric 

retention, Quantitative analysis often by UV spectrophotometry, to confirm uniform drug 

distribution and content within the gel.
[25]

 Dissolution studies measure the rate and pattern of 

drug release from the gel, often fitted to kinetic models like zero-order or Higuchi.
[26] 

Evaluation under different storage conditions to monitor changes in pH, viscosity, drug 

content, and buoyancy over time to check the stability.
[27]
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Physicochemical characterisation (viscosity, gel strength, pH) 

Viscosity is Measured using instruments like the Brookfield viscometer to assess flow 

properties of the gel before and after gelation. Viscosity increases with higher polymer and 

cross-linker concentrations, impacting gel strength and drug release.
[28]

 Gel strength, 

indicating firmness, is evaluated visually or via texture analysers. Gelation time is determined 

by introducing the formulation to simulated gastric fluid (0.1N HCl, pH 1.2) at 37°C and 

recording the time for gel formation.
[29]

 The gel solution pH is recorded with a calibrated pH 

meter, typically ranging from 6.9 to 7.6 for optimal drug stability and patient comfort.
[30] 

Physical Appearance such as observations of colour, clarity, and homogeneity to ensure 

formulation consistency and acceptability.
[31]

 

 

Tests for floating lag time and duration 

Floating lag time and duration tests for in situ floating gels are essential for assessing the 

formulation's stomach retention capability. 

 

Floating Lag Time refers to the duration required for the gel to ascend and remain buoyant on 

the surface of the simulated stomach fluid (typically 0.1N HCl, pH 1.2) at 37°C. The 

formulation is gradually put into the medium, and the duration of flotation is visibly 

documented. Brief lag durations (ranging from seconds to a few minutes) are advantageous 

for immediate stomach retention.
[32]

 Floating Duration period during which the gel maintains 

buoyancy on the surface of the medium without submerging is observed post-floating. 

Effective formulations frequently exhibit buoyancy for extended durations (e.g., >12 hours), 

guaranteeing prolonged stomach retention for regulated drug release.
[33] 

Testing Procedure is 

generally performed in vitro utilizing beakers or USP dissolving device containing simulated 

stomach fluid, maintained at a controlled temperature of 37°C. Minimal disruption during 

introduction mitigates turbulence that could influence floating behaviour. Observations are 

conducted visually or through image-analysis techniques.
[34]

 

 

In vitro pharmacological release and absorption assessments 

In vitro drug release investigations for in situ floating gels are often conducted utilizing USP 

dissolution apparatus (Type II, paddle method) at 37°C with 0.1N HCl as the dissolution 

media. Samples are extracted at specified intervals, filtered, and analysed 

spectrophotometrically (often using UV-visible methods) to quantify the drug release over 

time. This facilitates the depiction of cumulative drug release profiles, typically exhibiting an 

initial burst release succeeded by persistent release attributable to gel swelling and diffusion 
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mechanisms. Swelling experiments entail submerging the gel in simulated stomach fluid and 

occasionally assessing weight increase to determine the degree of swelling. The swelling 

behaviour correlates with drug release kinetics, demonstrating the polymer matrix's capacity 

to absorb fluid and regulate drug diffusion.
[35] 

 

Assessment of muco-adhesion and gastric retention 

The assessment of muco-adhesion and stomach retention of in situ floating gels encompasses 

several essential methodologies. Employing a texture analyser or a modified bio-adhesion 

apparatus, the gel is interposed between mucosal tissues or model membranes. The force 

necessary to separate the gel from the tissue surface is quantified to assess adhesive strength. 

The contact duration is optimized, generally around 10 minutes, to enhance muco-adhesion. 

Animal investigations, frequently utilizing imaging or pharmacokinetic monitoring, ascertain 

the duration of gel occupancy in the stomach, confirming improved gastric retention and 

extended drug release.
[36] 

 

Utilization of In Situ Floating Gels in Pharmacological Delivery 

These systems extend gastric residence time by floating and forming gels within the stomach, 

thereby enhancing the bioavailability of drugs characterized by narrow absorption windows 

or instability in intestinal pH. This results in sustained drug release, decreased dosing 

frequency, and improved patient adherence.
[38] 

 

These gels effectively regulate drug release in the gastrointestinal tract, mitigating rapid 

stomach emptying by creating low-density floating gel barriers. This facilitates the sustained 

maintenance of therapeutic medication concentrations over prolonged durations.
[39]

 In situ 

gels are utilized for ocular, nasal, buccal, vaginal, and rectal administration, wherein 

localized gel production facilitates extended drug efficacy and diminishes systemic 

exposure.
[40]

 The integration of mucoadhesive polymers with in situ gelation prolongs 

residence time at mucosal locations, hence boosting medication retention and absorption.
[41] 

They can act as carriers for drug-loaded nanoparticles or microparticles, enhancing controlled 

release and mucosal adhesion, thus improving therapeutic effects.
[41]

 

 

Provision of anti-ulcer medications, antihypertensive agents, and antibiotics 

Compounds such as famotidine, ranitidine, liquorice extract, and andrographolide have been 

effectively developed into floating in situ gels. These gels prolong gastric residency length, 

facilitate sustained release, diminish ulcer index, and safeguard the gastric mucosa to enhance 
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therapy efficacy.
[42] 

Formulations utilizing antihypertensives such as losartan potassium 

employ floating gels to facilitate regulated drug release and enhance bioavailability by 

improving retention and absorption in the upper gastrointestinal tract.
[43] 

In situ gels that float 

have been formulated for antibiotics like ciprofloxacin and amoxicillin, providing focused 

local distribution in the stomach, which is advantageous for situations such as Helicobacter 

pylori infection. These systems enhance drug stability, extend stomach retention, and 

maintain drug release, resulting in improved eradication rates.
[44]

 

 

Advantages of pharmaceuticals with limited absorption windows 

In situ floating gels function by converting from a liquid to a gel state when subjected to 

gastrointestinal conditions, influenced by factors such as temperature, pH, or ions. Upon oral 

administration, the solution transforms into a gel that is less dense than gastric fluids, 

allowing it to float and maintain buoyancy on the stomach contents. The buoyancy and 

gelation extend gastric retention period, facilitating the regulated and sustained release of 

pharmaceuticals. The drug release process predominantly adheres to a diffusion-controlled 

paradigm (Higuchi model), wherein the drug diffuses through the hydrated gel matrix over 

time. The swelling of the gel matrix and the thickness of the gel network govern the diffusion 

path length, hence regulating the release rate. Moreover, polymer concentration and cross-

linking density affect gel strength, viscosity, buoyancy, and drug release characteristics. This 

regulated release, along with enhanced gastric retention, enhances bioavailability and 

therapeutic efficacy for drugs with limited absorption windows or unstable intestinal 

conditions.
[47] 

 

Case studies of commercially available or clinically studied formulations 

A representative case study of carbamazepine (CBZ) floating in situ gel formulation 

highlights its practical development and performance characteristics A example case study of 

the in-situ gel formulation of carbamazepine (CBZ) underscores its practical development 

and performance attributes: Sodium alginate and hydroxypropyl methylcellulose (HPMC) 

serve as the primary polymers, with calcium carbonate (CaCO3) functioning as the cross-

linking agent. The drug is first dissolved in propylene glycol and subsequently integrated into 

the polymer solution, which experiences a sol-to-gel transition induced by the acidic gastric 

environment. The CaCO3 generates carbon dioxide in the stomach, forming a porous gel 

matrix that ensures buoyancy with a floating lag time of approximately 28 seconds and 

sustains buoyancy for over 20 hours. The formulation prolongs carbamazepine release for up 
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to 24 hours, enhancing drug bioavailability and therapeutic efficacy while minimizing dosing 

frequency. Evaluation encompasses the assessment of drug entrapment, viscosity alterations 

during gelation, pH appropriateness, and in vitro drug release kinetics. Recent advancements 

investigate thermo-reversible in situ gels for intranasal administration of carbamazepine, 

employing poloxamers and carrageenan to formulate gels that solidify at nasal temperatures. 

This approach enhances cerebral targeting via the nasal mucosa, exhibiting substantial 

mucoadhesive properties and prolonged drug release. This instance illustrates how 

carbamazepine floating in situ gels facilitate enhanced patient compliance and regulated drug 

delivery for chronic epilepsy treatment.
[48]

 

 

OBSTACLES AND CONSTRAINTS 

Issues of stability 

In situ gels may encounter stability issues due to chemical breakdown, particularly when 

sensitive medicines or polymers are utilized. Temperature and storage conditions can 

profoundly affect the stability and viscosity of the gel. Formulations maintained at ambient 

temperature may undergo alterations in drug content due to dehydration, whereas those 

preserved at lower temperatures (approximately 4°C) generally exhibit greater stability. 

Chemical degradation may be expedited by inappropriate pH levels, exposure to light, or 

interactions with excipients, resulting in diminished efficacy. Physical stability (e.g., clarity, 

phase separation, gelling strength) must be provided to preserve the gel's qualities throughout 

time.
[49]

 

 

Challenges in Reproducibility 

In situ gel preparation is sensitive to the concentration and type of polymers, the presence of 

ions (in ion-sensitive systems), and environmental conditions like temperature or pH changes, 

which may result in inconsistent gelation and drug release profiles. Batch-to-batch 

reproducibility can be a challenge due to small variations in raw material quality, mixing 

procedures, and environmental control during production. The sol-gel transition temperature, 

gelation time, and mechanical properties may vary, impacting therapeutic outcomes and 

patient experience.
[50]

 

 

Challenges in scaling and manufacturing 

The scale-up and production of in situ gels face numerous significant hurdles due to the 

intricate characteristics of stimuli-responsive polymers and the exacting requirements of 

formulation parameters. 
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Batch-to-batch reproducibility Variability in polymer molecular weight, concentration, and 

solvent interactions leads to discrepancies in gelation duration, viscosity, and drug release 

characteristics between batches. Ensuring consistent polymer characteristics over extensive 

production is highly challenging.
[51]

 Regulation of stimulus responsiveness in situ gels rely on 

physiological triggers, including pH, temperature, and ions, to facilitate the sol-to-gel 

transition. Minor differences in environmental or polymer properties can substantially 

influence gel formation and drug delivery behaviour, complicating scale-up processes.
[52] 

The 

stability of the formulation during production: The sol form of the gel and the included 

pharmaceuticals are vulnerable to degradation from pH, temperature, and ionic strength 

variations during processing, necessitating strictly regulated manufacturing settings.
[53] 

 

Optimization of rheological properties achieving Optimization of rheological properties 

uniform mechanical strength, viscosity, and mucoadhesive characteristics on a wide scale 

necessitates meticulous process regulation and thorough analytical assessment to ensure the 

gel's efficacy and patient comfort.
[54]

 Expanding sterile manufacturing escalates expenses and 

intricacy. Moreover, regulatory approval is obstructed by the absence of standardized 

production processes and proven reproducibility, thereby prolonging commercialization.
[55] 

The absence of standardized synthesis methods for smart polymers, elevated manufacturing 

expenses, and rigorous quality control standards are significant impediments to large-scale 

production.
[56] 

Patient adherence and safety are significant benefits and critical factors in the 

formulation of in situ gels for ocular medication administration. 

 

Advantages over other formulations 

In situ gels convert from liquid to gel upon exposure to physiological stimuli (pH, 

temperature, ions) in the eye, hence extending precorneal residency duration and maintaining 

medication release. This decreases dose frequency, hence increasing treatment convenience 

and improving adherence. The simplicity of administration and less discomfort enhance 

patient adherence.
[57] 

Prolonged local release restricts systemic medication absorption, hence 

diminishing the likelihood of systemic side effects and enhancing overall safety.
[58]

 

Frequently utilized polymers (e.g., Gellan gum, Carbopol, poloxamers, chitosan) exhibit 

biocompatibility and non-irritating properties. Research, encompassing ocular toxicity and 

histology, demonstrates that these gels are typically well tolerated, exhibiting minimal 

discomfort or toxicity when properly prepared.
[59] 

An appropriate balance of viscosity and gel 
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strength prevents discomfort, blurred vision, or reflex tearing, which may adversely affect 

compliance and safety.
[60] 

 

Prospective Outlooks and Advancements 

Progress in polymer science has markedly improved the formulation of floating in situ gels, 

especially for gastro-retentive purposes. Principal innovations encompass. Optimized 

Alginate Systems: The adjustment of guluronic and mannuronic acid concentrations in 

alginates enhances calcium-mediated crosslinking, yielding stronger, more resilient gels with 

extended floating duration and regulated drug release under gastrointestinal circumstances.
[61] 

Hybrid Natural-Synthetic Matrices: The amalgamation of sodium alginate with cellulose 

ethers (such as HPMC, HEC), sodium CMC, konjac glucomannan, or psyllium husk 

facilitates the customization of gel viscosity, strength, and drug release characteristics while 

stabilizing encapsulated CO2, which is crucial for buoyancy.
[62] 

Dietary Fiber-Based Gels: 

The application of food-grade dietary fibres facilitates swift gelation, negligible floating lag 

time (<5 seconds), and prolonged buoyancy, accompanied by improved mechanical resistance 

to gastric motility stresses.
[63]

 Gas Retention and Buoyancy Control: Optimization of gas 

formers, including sodium bicarbonate and calcium carbonate, by factorial design enhances 

CO2 generation, minimizes lag time, and guarantees buoyancy for over 8-12 hours. Polymer 

content and viscosity are essential factors influencing gel buoyancy and raft stability, 

effectively analysed by design-of-experiments (DoE).
[64]

 Mechanically Resilient Networks: 

Enhanced Ca2+-mediated crosslinking in alginate domains  increases gel strength, enabling 

gels to endure peristaltic stresses without failure. The co-formulation of cellulose derivatives 

with glucomannan improves network flexibility, diminishes erosion, and facilitates diffusion-

controlled release.
[65]

 Design-of-Experiments (DoE) Optimization: Modern formulation 

methodologies utilize factorial and Box-Behnken designs to co-optimize polymer ratios, gas 

former concentrations, and rheological properties, resulting in rapid floating onset 

(approximately 20–120 seconds), prolonged buoyancy (exceeding 10–12 hours), and 

regulated drug release over a duration of 10–16 hours. Regression-based predictive models 

and desirability functions facilitate reliable scale-up intervals.
[66]

 

 

Possibility for combinatorial therapy and multi-drug administration 

A Gellan gum/CaCO3-based clarithromycin floating in situ gel exhibited extended stomach 

retention, buoyancy, and sustained release; the incorporation of sucralfate inhibited 

clarithromycin breakdown at low pH and enhanced its efficacy. Comparison of pylori 
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clearance and suspension in infected gerbils, demonstrating a combinatorial method for 

synergistic therapy and stability preservation.
[67]

 

 

Exemplars of clarithromycin floating in situ gels: Various formulations employing sodium 

alginate, Gellan gum, xanthan gum, and CaCO3/NaHCO3 demonstrated floating lag times of 

under one minute and buoyancy exceeding 12 hours, with first-order/Higuchi release kinetics, 

thereby endorsing combination or sequential regimens in gastroretentive therapy.
[68] 

 

Stomach-targeted dual-drug strategies: Documentation and references suggest the 

advancement and refinement of stomach-specific in situ gels that co-deliver clarithromycin 

alongside another antibiotic, such as metronidazole benzoate, with the objective of 

combination eradication therapies for H. pylori via a singular gastroretentive platform 

utilizing calibrated polymer ratios and gas formers.
[69] 

 

Amoxicillin floating in situ gels: Previous formulations of amoxicillin floating in situ gels 

utilizing alginate/HPMC with effervescent gas formers demonstrated rapid flotation and 

sustained release over 10–12 hours, establishing a foundation for triple-therapy combinations 

when combined with macrolides or mucosal protectants in compatible matrices.
[70] 

 

Comprehensive design insights from reviews: In situ gel reviews enumerate polymer 

selections (alginate, Gellan, xanthan, pectin) and co-excipient methodologies facilitating the 

co-loading of pharmaceuticals with varying solubilities, while buoyancy is sustained by 

CaCO3/NaHCO3 and release is regulated by principles of polymer concentration and 

crosslink density, directly relevant to multi-drug systems.
[71] 

 

Guidance for practical formulation 

Utilize an alginate/Gellan matrix with a cellulose ether thickener to separate buoyancy from 

release; integrate CaCO3 for ion-activated gelation and as a gas producer, optionally combine 

with NaHCO3 to adjust floating lag and duration. For acid-sensitive compounds (e.g., 

clarithromycin), incorporate sucralfate to safeguard against low-pH degradation and enhance 

local efficacy; optimize polymer and sucralfate concentrations through Design of 

Experiments (DoE) to achieve an equilibrium of gel strength, buoyancy, and release. Validate 

the performance of the combination through in vitro assessments of buoyancy (lag time, total 

floating duration), rheology, and release kinetics, subsequently confirming synergy or 

additivity in the relevant conditions. Models of pylori when applicable.
[74]
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Developing trends in intelligent and stimuli-responsive in situ floating gels 

Recent developments in intelligent and stimulus-responsive floating in situ gels for drug 

delivery highlight the utilization of sophisticated polymers that respond to physiological 

stimuli such as temperature, pH, ionic strength, enzyme presence, and redox conditions. 

These technologies improve targeted, regulated, and prolonged medication delivery in diverse 

medicinal applications. Thermoresponsive gels: Polymers like Pluronic F127 remain in a 

liquid state at ambient temperature and transition to a gel at physiological temperature (about 

37°C), enabling facile administration and extended retention, commonly utilized in ocular 

and injectable formulations.
[75] 

pH-sensitive gels: Polymers such as chitosan and polyacrylic 

acid gel in designated pH ranges, facilitating site-specific medication release in conditions 

like the acidic stomach or tumour microenvironments, hence enhancing targeted therapy and 

reducing adverse effects.
[76]

 Ion-triggered and enzyme-responsive gels: Polysaccharides like 

alginate and Gellan gum Gelate through divalent cation crosslinking, especially in the 

stomach, whereas enzyme-responsive gels react to disease-related enzymes to facilitate 

targeted and regulated drug release.
[77]

 Redox-sensitive systems: These hydrogels react to 

oxidative stress or reductive conditions present in malignancies or inflammatory disorders, 

facilitating on-demand medication release and potential applications in gene delivery.
[78]

 

Recent advancements in self-healing and injectable smart hydrogels demonstrate rapid 

gelation, injectability, and self-healing capabilities via nanocomposite hydrogels with 

dynamic covalent connections, hence improving minimally invasive delivery methods.
[79]

 

Challenges and future work: Despite their promising characteristics, these smart gel systems 

encounter obstacles such as biocompatibility, batch repeatability, scalability, and regulatory 

approval. Research is actively focused on the integration of nanotechnology, personalized 

medicine, and hybrid polymers to enhance therapeutic effects.
[80] 

 

CONCLUSION 

In conclusion, in situ gel systems represent a significant advancement in drug delivery, 

facilitating the steady and controlled release of drugs while simplifying administration for 

patients. These formulations utilize specific polymers that transition from liquid to gel upon 

exposure to physiological conditions, facilitating sustained retention at the site of action and 

minimizing both dosage frequency and the potential for drug loss. In situ gels, owing to their 

versatile characteristics, can be delivered via multiple routes, including oral, ophthalmic, 

injectable, and rectal, thereby accommodating various medical applications. Furthermore, 

these technologies enhance local drug concentration, reduce systemic side effects, and 
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optimize the manufacturing process, potentially decreasing production costs. The primary 

advantage of in situ gels is their capacity to enhance therapeutic efficacy and patient 

convenience by extending drug availability and assuring accurate dosage at specific locations. 

Future research and development are anticipated to solidify these delivery platforms as 

essential elements of contemporary pharmacological care. 
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