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ABSTRACT
The In-situ polymeric formulation is a drug delivery system that forms a gel upon water absorption 
at the site of administration. This article provides a comprehensive overview of formulation design, 
polymer selection, and stability challenges associated with oral In-situ gels. Despite significant 
advancements, key challenges persist, including premature gelation, variability in polymer 
performance, drug-polymer incompatibility, and drug sensitivity to physiological conditions such as 
pH and temperature, which may compromise formulation, stability, and reproducibility. A comparative 
perspective indicates that natural polymers, such as pectin, sodium alginate, and chitosan, offer 
superior biocompatibility but suffer from batch-to-batch variability and lower mechanical strength, 
whereas synthetic polymers, such as carbopol and poloxamer, provide better structural control and 
stability but may pose toxicity and biodegradability concerns. Semi-synthetic polymers serve as 
intermediate options but remain sensitive to environmental conditions. Drug selection criteria, 
based on the BCS classification, solubility, absorption site, and safety, are also explored to guide the 
development of effective formulations. Future prospects suggest that integrating nanotechnology, 
hybrid polymer systems, and advanced fabrication techniques such as 3D printing, along with 
improved standardization and real-time stability assessment, will be essential to overcoming existing 
limitations and enhancing the clinical applicability of oral In-situ gel systems.

GRAPHICAL ABSTRACT

Abbreviations:  Na+: Sodium; K+: Potassium; Mg+2: Megnisum; Ca+2: Calcium; NMP: N-methyl 
pyrrolidone; UCST: Upper Critical Solution Temperature; LCST: Lower critical solution temperature; 
CMT: Critical micelle temperature; Kg: Kilogram; Gm: Gram; H: Hours; mm: Millimeter; ml: Mililiter; 
pH: Potential of Hydrogen; RPM: Round per minute; °C: Degricentigrate; ICH: International Council 

© 2026 Taylor & Francis Group, LLC

CONTACT Dr. Anuj Kumar, Assistant Professor  anujpharmacy01@gmail.com  Department of Pharmacy, Madhav University, Bharja, Abu Road, Pindwara307032, 
Rajasthan, India.

https://doi.org/10.1080/00914037.2026.2678950

ARTICLE HISTORY
Received 2 February 2026
Accepted 2 May 2026

KEYWORDS
In-situ gel; natural polymers; 
synthetic polymers; semi-synthetic 
polymers; oral drug delivery; 
sol-gel transformation

http://orcid.org/0009-0009-1450-7156
http://orcid.org/0000-0002-7599-0753
http://orcid.org/0000-0002-2460-9967
http://orcid.org/0000-0001-8673-8564
http://orcid.org/0000-0001-5764-2774
http://orcid.org/0009-0003-5110-3675
http://orcid.org/0009-0008-0987-9695
http://orcid.org/0000-0002-6436-6365
mailto:anujpharmacy01@gmail.com
https://doi.org/10.1080/00914037.2026.2678950
http://www.tandfonline.com
http://www.tandfonline.com


2 A. KUMAR ET AL.

for Harmonization; BCS: Biopharmaceutical Classification strategy; HPMC: Hydroxy propyl methyl 
cellulose; PEG: Polyethylene Glycol

1.  Introduction

Gel is a state that lies between the liquid and solid states. 
Oral In-situ gels are an innovative drug delivery system that 
converts from a liquid to a gel upon administration, utilizing 
physiological conditions such as pH changes, temperature 
variations, or the presence of specific ions. Oral In-situ gels 
may be employed as solutions or suspensions and undergo 
rapid sol-to-gel transformations upon activation by stimuli 
such as pH changes, temperature modulation, solvent 
exchange, UV irradiation, and the presence of specific mol-
ecules or ions[1,2]. The preparation of in-situ oral gels involves 
various techniques, including thermal gelation, pH-triggered 
gelation, ionic crosslinking, and solvent exchange. Each of 
these methods offers distinct advantages in tailoring the gel’s 
properties to meet specific therapeutic needs[3]. Natural 
polymers are widely used in these formulations for their 
compatibility with biological systems and their ability to 
degrade naturally. Common examples of these polymers 
include sodium alginate, pectin, chitosan, and gellan gum. 
The selection of these polymers is based on their gelling 
properties and compatibility with the administered 
medication[4].

Oral In-situ gels may incorporate a diverse range of med-
ications, including analgesics, antacids, antibiotics, and anti-
diabetics. The selection of suitable medications involves 
considering factors such as solubility, stability within the gel 
matrix, preferred release profiles, and the overall safety and 
efficacy of the substances[5]. The Biopharmaceutical 
Classification System (BCS) plays a vital role in evaluating 
the suitability of medications. For instance, BCS Class I 
drugs, distinguished by high solubility and permeability, are 
ideal candidates for this delivery approach. In contrast, Class 
II medications, known for poor solubility, and Class IV 
drugs, which exhibit both low solubility and permeability, 
present challenges related to absorption[6]. Challenges in for-
mulation include achieving the ideal viscosity to facilitate 
smooth flow prior to gelation, reducing gelling time to 
enhance patient comfort, and ensuring consistent medication 
distribution throughout the gel matrix. Addressing stability 
concerns is crucial, since Environmental factors such as tem-
perature, humidity, and pH fluctuations can compromise the 
structural integrity and rheological properties of the gel 
matrix[7]. Additionally, chemical interactions between the 
medication and the polymer may cause deterioration[8].

To ensure quality and effectiveness, oral In-situ gels are 
evaluated based on characteristics such as viscosity, gelation 
time, in vitro drug-release profiles, mechanical properties, 
and stability. This innovative combination holds promise for 
enhancing patient adherence and treatment outcomes in 
medication delivery systems[9]. Petitjean et  al. emphasized the 
significance of pH-sensitive and thermoresponsive polymers 
in the advancement of oral In-situ gels. The authors high-
lighted the importance of employing natural and 
semi-synthetic polymers, such as pectin and gellan gum, due 

to their compatibility with biological systems. Nonetheless, 
the conversation also addressed the challenges of maintaining 
stability over extended periods, given that polymers are 
prone to degradation at the pH levels found in the stomach[10].

Shaikh et  al. present a detailed examination of In-situ gel 
systems, emphasizing important polymers including gellan 
gum, xanthan gum, chitosan, pectin, and carrageenan. The 
authors explain how changes in pH and the presence of ions 
serve as physiological signals that initiate the sol-to-gel tran-
sition, which is essential for oral delivery. The review empha-
sizes the stability challenges associated with polymers, 
particularly the fluctuations in stomach pH that may lead to 
premature gelation or degradation. It also discusses how 
enzyme activity influences the breakdown of polymer chains 
and highlights batch-to-batch inconsistencies that may affect 
gel formation and drug release[11].

Kurniawansyah et  al. conducted a comprehensive and 
comparative analysis of In-situ gel formulations, focusing on 
how physicochemical parameters such as pH, temperature, 
and ionic strength influence gel formation and the rate of 
drug release in oral delivery systems. Their research indi-
cated that pH-sensitive polymers, such as gellan gum, 
together with temperature- or ion-responsive systems, could 
play a crucial role in the sol-to-gel transition in the gut. The 
review examined stability concerns, including polymer deg-
radation at different acidic pH levels, deterioration of 
mechanical integrity in gastric fluid, and inconsistencies in 
gel strength across batches[12].

Verma et  al. present a detailed examination of the poly-
mers utilized in In-situ gel systems for oral drug delivery, 
emphasizing both natural components such as pectin, gellan 
gum, and chitosan, as well as semi-synthetic components 
including Carbopol, HPMC, and poloxamer. The study 
examines the influence of key factors, including variations in 
pH, temperature, and ion concentrations, on the sol-to-gel 
transition, a process that plays a crucial role in drug release 
within the gastrointestinal tract. The authors emphasize that 
factors such as stomach acidity, enzymatic degradation, and 
interactions between polymers and excipients can lead to 
stability challenges that may compromise the integrity and 
consistency of the gel[13].

The liquid formulation will be transformed into a 
semi-solid mucoadhesive key depot and an In-situ gel. In-situ 
gel is a semi-solid dosage form that is a unique approach for 
delivering medicines to patients and aims to achieve pro-
longed release of medication for the desired period. Various 
polymer-based delivery systems will be formulated. This may 
increase the residence time in the area of drug absorption. 
Furthermore, its ability to adhere to mucous membranes will 
prevent it from being removed by saliva in the oral cavity[14]. 
In-situ gels are a promising class of medication delivery 
devices because they can deliver drugs in a targeted and sus-
tained manner within the mouth cavity. When delivered 
In-situ, gels convert from a liquid to a gel, which is 
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consistent with physiological conditions, unlike conventional 
dosage forms. These formulations have garnered tremendous 
attention in the biomedical fields, particularly in drug carri-
ers, proteins, and cells, as well as in other applications, 
because of their excellent biocompatibility, solute permeabil-
ity, and customizable release profiles. Their ability to store a 
large amount of water within their frameworks gives them 
the quality that distinguishes them: high water content and 
soft surface properties. This results in high biocompatibility 
of the surrounding tissues[1,15,16].

1.1.  Advantages of oral In-situ gel

Oral In-situ gels have numerous advantages that boost their 
effectiveness as a drug delivery method. Their simple applica-
tion improves patient comfort and encourages better adherence 
to treatment plans. By offering extended drug release, they 
decrease the need for frequent doses, which is especially ben-
eficial for managing chronic illnesses. These gels allow for tar-
geted, localized delivery, making them useful for conditions 
like infections or mouth ulcers. Additionally, they increase bio-
availability and absorption by providing a consistent release, 
helping to keep optimal drug levels in the bloodstream. Overall, 
In-situ gels deliver reliable, sustained medication release, main-
taining therapeutic concentrations over time duration[17–19].

1.2.  Disadvantages of oral In-situ gel

Oral in situ gels face several limitations that can impact 
their overall effectiveness. Some formulations use 
non-biodegradable polymers, raising environmental sustain-
ability concerns and waste disposal issues. These gels may 
also suffer from stability problems due to chemical degrada-
tion over time. Properly balancing film thickness and adhe-
siveness remains a major challenge, requiring precise 
formulation to ensure efficient drug delivery. Although they 
enable targeted treatment, the clinical benefits of in situ gels 
may be short-lived, offering only brief relief periods. In spe-
cific cases, such as treating periodontitis, these gels may 
poorly adhere within the periodontal pocket, reducing the 
consistency and duration of drug delivery site[20–22].

Medication delivery systems that change from solid to gel 
form can serve as sustained-release vehicles for bioactive sub-
stances, as patients can easily reuse the In-situ gel. This 
enables the gel to be used over longer periods, preserving its 
effect by pressing it into place. Sol-gel properties are employed 
for local medication delivery, extended-release, and controlling 
drug administration systems[23,24]. In-situ, gel is used to 
enhance the drug release mechanism and time[25]. The main 
problem with oral In-situ gels is preventing them from being 
washed away by saliva. The polymers used for this purpose 
are known as mucoadhesive polymers and can be either nat-
ural or synthetic, such as Carbopol and HPMC[26–28].

1.3.  Overview & characteristics of ideal mucoadhesive 
polymers in oral In-situ medication delivery systems

Mucoadhesive polymers play an important role in enhancing 
drug delivery through the oral mucosa, provided that unique 

compensations such as improved bioavailability, controlled 
release, and bypassing first-pass metabolism[29]. An effective 
mucoadhesive polymer should possess several key 
characteristics:

An ideal polymer used in oral In-situ gels should possess 
several key characteristics to ensure effective and safe drug 
delivery. First, it must be biocompatible, meaning neither the 
polymer nor its degradation products should be toxic or 
absorbable by the body. It should also exhibit strong adhe-
sion properties, forming stable noncovalent interactions with 
mucus or epithelial surfaces to ensure effective adhesion to 
moist tissues. The polymer must be compatible with the 
drug, allowing for smooth integration without altering the 
drug’s release properties. Its stability is vital; it should pre-
serve its integrity during storage and resist degradation over 
time. Additionally, cost-effectiveness is essential, as the poly-
mer needs to be affordable to ensure the formulation remains 
economically viable and competitive[30]. Mucoadhesive poly-
mers are a viable option for enhancing the delivery of oral 
medications. Their ability to prolong residence time, increase 
bioavailability, and enable controlled release makes them 
essential in pharmacological formulations that target sys-
temic or localized effects.

2.  Methodology

In the review “In-situ Gel For Oral Drug Administration: 
Addressing Polymers And Stability Issues,” a comprehensive 
search strategy was used. Databases included PubMed, 
Scopus, Web of Science, and Google Scholar, with key-
words like In-situ gel, Natural polymers, Synthetic Polymers, 
Semi-synthetic Polymers, Oral Drug Delivery, Sol-gel trans-
formation. The literature search was conducted within a 
defined time frame from 1999 to 2025 to ensure inclusion 
of recent advancements as well as foundational studies in 
the field. Inclusion criteria comprised peer-reviewed 
research articles, review papers, and patents focusing on 
oral In-situ gel systems, polymer characterization, drug 
delivery performance, and stability aspects. Studies involv-
ing relevant in-vitro, in-vivo, and formulation-based inves-
tigations were also considered[31,32]. The selection process 
involved screening titles and abstracts, followed by a 
full-text assessment.

3.  Methods of designing In-situ gel system

The four central mechanisms used to trigger the In-situ gel 
preparation of biopolymers are physiological triggers (such 
as pH and temperature), physical alteration in the biomate-
rials, Chemical processes (such as enzymatic, chemical, and 
photo-initiated polymerization), solvent exchange, and swell-
ing (Figure 1)[24,33,34].

3.1.  Fabrication by chemical process

In-situ gelation-inducing chemical processes may involve 
mechanisms that cause inorganic particles to precipitate, 
such as the following:[35].
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3.1.1.  Ionic cross-linking
Ion-sensitive polymers are affected by ions such as Na+, 
which causes gelation. K+, Mg+2, and Ca+2. A phase change 
occurs in these ionic polymers, creating a gel. This class 
includes several polysaccharides. Ionic cross-linking is a 
common method for creating hydrogels, which are 
three-dimensional networks of hydrophilic polymers that can 
absorb large quantities of water. This approach involves the 
interaction of charged polymer chains with oppositely 
charged ions, leading to the formation of a stable gel struc-
ture. Advantages of ionic cross-linking include biocompati-
bility, mild conditions, controlled release, and dynamic 
properties[36].

3.1.2.  Enzymatic cross-linking or polymerization
This method, which has some advantages over chemical and 
photochemical approaches, creates the gel by forming a 
cross-link with the enzymes found in human body fluids. 
The benefits of enzymatic cross-linking include gentle reac-
tion conditions, specificity, biocompatibility, and nontoxic 
byproducts[37].

3.1.3.  Photo-initiated polymerization process
It is the easiest and most popular strategy in this gel to 
create In-situ. Reactive micromere or monomer mixtures, 
and the application of initiators, as well as the injection of 
the gel, are produced by electromagnetic waves. Typically, 
visible (camphor-quinone) and long-wavelength UV (i.e., 
ketones) wavelength polymers (such as acrylates or ethyl 
eosin) are utilized. Short-wavelength polymers are not uti-
lized (among other polymers) because they are damaging 
physiologically[38].

3.2.  Fabrication by physical process

In-situ creation may also take place and enlarge to the 
appropriate space when a substance absorbs water from its 
surroundings[39].

3.2.1.  Diffusion or solvent exchange induced phase 
transition
The solvent utilized in this procedure permeates the nearby 
tissue after diffusing from the polymer solution, precipitating 

Figure 1.  Various methods employed for the development of In-situ gelling formulations.
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or solidifying the polymer matrix. N-methyl pyrrolidone 
(NMP) is the most frequently employed polymer for this 
method[35].

3.2.2.  Swelling mechanism
The polar lipid expands from within and releases the medi-
cation gradually (for example, lyotropic crystalline phase 
constructions). It has some bioadhesive qualities & is broken 
down In-vivo by enzymatic activity[40].

3.3.  Ion-activated

Ion-activated In-situ gels are a type of medication delivery 
system that undergoes a sol-to-gel transition in response to 
a change in ionic strength. The presence of cations such as 
Mg2+, Ca2+, and Na + in body fluids typically triggers the 
gelation mechanism. When the solution containing the poly-
mer comes into contact with these ions, the increase in ionic 
strength causes the polymer chains to cross-link, forming a 
gel (Figure 2). Osmotically involved gelation is seen by gel-
lan gum, hyaluronic acid, alginates, and other polymers[2,41].

3.4.  Fabrication by physiological process

These formulations based on physical stimuli involve the 
development of gels triggered by variables like temperature 
modification, pH change, & ionic interactions[42].

3.4.1.  Temperature-triggered
Specific polymers undergo significant, unanticipated physical 
and chemical changes when their external environment is 
slightly altered. Stimuli-responsive polymers are the term for 

these materials. Also referred to as ecologically sensitive, 
clever, or intelligent polymers, they are stimuli-responsive. 
These polymers can discriminate between stimuli and sig-
nals, determine the strength of the signal, and adjust their 
chain structure accordingly. The most researched category of 
environmentally responsive polymer systems for drug deliv-
ery is temperature-sensitive polymers. This is due to the 
ease with which temperature can be managed and adminis-
tered in both in-vivo and in-vitro environments. With this 
technique, a change in temperature causes the fluid to gel, 
preserving the medication release. At room temperature (20–
25 °C), hydrogels are liquid and turn into gels at 35–37 °C 
when they make contact with human body fluids. Using bio-
materials whose temperature-induced crossover from sol-gel 
is an elegant way to achieve in situ generation (Figure 3).

To enable therapeutic management and prevent the need 
for heat from sources other than the body, the ambient and 
physiological temperature is the optimal essential tempera-
ture range for such technologies[43–45].

Temperature-responsive polymers include;

•	 Positive thermosensitive gels: The positive thermosen-
sitivity has a UCST (Upper Critical Solution 
Temperature). Thermo-responsive hydrogels are mate-
rials that swell and increase in volume when the 
temperature rises. This behavior is opposite to that of 
negative thermosensitive gels, which shrink with 
increasing temperature[46–48].

•	 Negative thermosensitive gels: This system shrinks 
when heated over its Lower critical solution tempera-
ture (LCST), like poly (N-isopropyl acrylamides)[46,48].

•	 Thermo-reversible gels, such as Getronics, poloxam-
ers, and Pluronic[49].

Figure 2.  Visual representation of ion-activated In-situ gel formation triggered by ionic environment.
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3.4.2.  pH-triggered
The pH-triggered In-situ gel is a type of innovative poly-
meric system that undergoes a sol-to-gel transition when 
exposed to a specific pH environment. This means that the 
material can be administered as a liquid (sol state) and then 
transformed into a gel (gel state) in reaction to variations in 
pH. These gels are especially helpful for biomedical applica-
tions, such as medication delivery systems, where they can 
enable regulated and sustained release of therapeutic com-
pounds at targeted sites. The pH-sensitive nature of these 
gels allows them to respond to the natural pH variations 
within different parts of the body, triggering the gelation 
process where and when it is needed (Figure 4)[50,51].

4.  Innovative techniques for oral In-situ gel

Some innovative techniques are given below (Figure 5).

4.1.  Mucoadhesive In-situ gels

Mucoadhesive oral In-situ gels stick to the mucosal surfaces 
of the gastrointestinal system. This allows the medicine to 
stay in the body longer and facilitates better absorption. 
Carbopol, HPMC (hydroxypropyl methylcellulose), and poly-
carbophil are some of the polymers commonly used to 
enhance adhesion. These systems are great for medications 
that don’t absorb well in the upper gastrointestinal tract, 

Figure 3. T emperature-triggered In-situ gel showing sol-to-gel transition at physiological temperature.

Figure 4.  pH-triggered in situ gel exhibiting sol-to-gel transition in response to pH change.
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such as ranitidine or metformin. They keep the drug in con-
tact with the absorption site for a longer time[52,53].

4.2.  Nanoparticle-Loaded In-situ gels

Integrating nanoparticles into In-situ gels offers a hybrid 
strategy that boosts drug solubility, enhances bioavailability, 
and allows for better control of drug release. These mecha-
nisms protect medications from enzymatic breakdown and 
promote more efficient absorption into the bloodstream. For 
example, solid lipid nanoparticles carrying curcumin embed-
ded in a thermosensitive In-situ gel have demonstrated 
promising results for oral delivery. This method ensures that 
the drug is released gradually and effectively over a pro-
longed period, also ensuring safety as it passes through the 
digestive tract[54].

4.3.  Floating In-situ gels

Floating In-situ gels have a low density, allowing them to 
stay buoyant in stomach fluids. This buoyancy helps the 
medication remain in the stomach longer, supporting slow 
drug release over time. Sodium alginate combined with 
gas-forming agents like calcium carbonate aids in releasing 
carbon dioxide, enhancing buoyancy. These systems are 

particularly beneficial for drugs like amoxicillin and clari-
thromycin, which are mainly absorbed in the stomach or 
upper intestine[55].

4.4.  Targeted delivery via oral In-situ gels

Specific In-situ gel systems are designed to deliver drugs 
precisely to targeted areas within the gastrointestinal tract. 
Colon-specific gels bypass the stomach and small intestine, 
releasing medication only when they encounter the distinct 
pH level or enzymes in the colon. Using pH-sensitive coat-
ings like Eudragit combined with gel-forming agents enables 
a tailored release mechanism. This approach is especially 
advantageous for treating conditions such as ulcerative colitis 
or colorectal cancer[56].

4.5.  In-situ gels made from natural polymers

Natural polymers are gaining recognition in oral In-situ gel 
formulations because of their safety, biocompatibility, and 
degradability. Commonly used ingredients include pectin, 
gum tragacanth, xanthan gum, and plant extracts such as 
Boerhaavia diffusa. These natural components help reduce 
adverse effects and enable longer use, making them more 
attractive to patients who prefer natural sources[57].

Figure 5.  Innovative methods employed in In-situ gel systems for drug delivery.
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4.6.  Dual-drug-loaded In-situ gels

Researchers are developing dual-drug-loaded in situ gels to 
address complex disorders, including infections and inflam-
mation. The combination of these two medications enhances 
the efficacy of each agent, resulting in a synergistic effect. A 
single-gel formulation incorporating both metronidazole and 
doxycycline may address both microbial activity and inflam-
mation simultaneously. The gel gradually delivers both med-
ications over an extended period, enhancing the therapy’s 
efficacy and minimizing the need for frequent dosing[58].

4.7.  Incorporation of bioenhancers

Bioenhancers are incorporated into In-situ gel formulations 
to enhance the absorption of drugs with low bioavailability. 
Piperine and bile salts, for example, increase drug permea-
bility across the intestinal membrane and inhibit enzymes 
responsible for drug degradation. This leads to an increased 
presence of the drug within the body, facilitating the use of 
lower doses and minimizing side effects[59].

4.8.  3D printed In-situ gels

Combining 3D printing technology with In-situ gels opens a 
new pathway to produce personalized medications. This tech-
nology enables the construction of dosage forms with precise 
gelation behaviors, drug release rates, and shapes tailored to 
each patient’s needs. It makes it possible to make drug delivery 
systems that are accurate and can be used over and over again 
for different illnesses, age groups, or pharmacokinetic needs[60,61].

5.  The polymers used in the fabrication of oral 
In-situ gel

5.1.  Synthetic polymers

People make these polymers, called synthetic polymers. 
Monomers are polymers that have repeating structural 

units[62].The simplest polymers are considered to be polyeth-
ylene (Figure 6), which is a unit of ethylene or ethane 
monomers[63]. Polymers like polyacrylic acid, polyvinyl alco-
hol, and poloxamers are part of this group. Synthetic poly-
mers typically exhibit thermoresponsive or chemically 
induced gelation mechanisms. For instance, poloxamers 
undergo temperature-triggered sol-to-gel transition, while 
Carbopol exhibits pH-dependent gelation due to ionization 
of carboxylic groups[64].

5.1.1.  Advantage
Using synthetic polymers to create oral In-situ gels provides 
multiple benefits. These materials are predictable and con-
trollable in their behavior, allowing formulators to tailor gels 
with specific gelation points, viscosities, and drug-release 
profiles. Polymers such as Pluronic F127, Carbopol, and 
polyvinyl alcohol (PVA) can be engineered to respond to 
stimuli such as pH, temperature, or ionic strength, making 
them suitable for targeted, sustained drug delivery. 
Additionally, synthetic polymers tend to be strong and 
chemically stable, ensuring reliable performance and extended 
shelf life. Their consistent composition and structure also 
simplify manufacturing processes, which is crucial for regu-
latory approval and scaling up production[65].

5.1.2.  Disadvantage
Synthetic polymers have certain drawbacks when used in 
oral In-situ gels, despite offering some benefits. One major 
concern is biocompatibility, as some synthetic polymers or 
their degradation products can be harmful, unpleasant, or 
non-biodegradable, posing environmental and biological 
risks. Additionally, their use may involve organic solvents or 
complex manufacturing processes, which can increase costs 
and raise toxicity concerns due to residual solvents. Moreover, 
these polymers often lack natural bioadhesive properties, 
necessitating the addition of other agents to improve muco-
sal adhesion. Sometimes, their stiffness or lack of flexibility 

Figure 6. C lassification of polymers typically used in oral In-situ gels formulations.
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can make it harder to produce an optimal gel or cause dis-
comfort for patients. Therefore, even though synthetic poly-
mers provide functional benefits, it is important to select 
and blend them carefully to minimize their drawbacks[66,67].

5.1.3.  Effects of synthetic polymers on In-situ gel
Synthetic polymers are often utilized in In-situ gel drug 
delivery systems[35,68,69]. These polymers are being used 
because of some of their key properties, the main ones being 
degradability and functionality[68]. However, tissue damage 
may occur due to the exothermic polymerization process 
under certain conditions, so it is necessary to use lower con-
centrations[70]. Physical and chemical qualities, such as 
hydrophilicity, can be affected by the arrangement of the 
monomers present in the polymer[35]. Sustained drug release 
with improved bioavailability and efficacy can be achieved 
using synthetic polymers, as well as improved rheological 
properties, drug release, and bioavailability[9,35,71].

5.2.  Semi-synthetic polymers

They are chemically modified to enhance their usefulness 
and are also obtained from natural sources. These polymers 
(Figure 6), are created chemically, and are made using natu-
ral polymers as the base ingredient. Semi-synthetic polymers 
such as HPMC and CMC primarily gel through swelling, 
hydration, and viscosity enhancement rather than true cross-
linking. Their gel formation is influenced by environmental 
factors, including pH, temperature, and ionic strength[72,73].

5.2.1.  Advantage
Hydroxypropyl methylcellulose (HPMC), carboxymethyl cel-
lulose (CMC), and methylcellulose are examples of 
semi-synthetic polymers often used to create oral In-situ gels 
because they have properties from both natural and syn-
thetic sources. One of their main advantages is that they are 
more biocompatible, meaning they are generally safe, non-
toxic, and well-tolerated in the body. These polymers adhere 
strongly to mucosal surfaces, helping drugs stay at the target 
site longer. They are also easy to modify, allowing for con-
trolled drug release as the body’s pH or temperature changes. 
Semi-synthetic polymers also support large-scale pharmaceu-
tical manufacturing because they are inexpensive, easy to 
handle, and stable during storage[74].

5.2.2.  Disadvantage
Semi-synthetic polymers possess beneficial qualities but also 
encounter significant challenges. One key concern is their 
sensitivity to environmental factors such as humidity, tem-
perature, and pH, which can affect their effectiveness and 
gelling behavior. Additionally, variability between batches- 
particularly when sourced from natural materials- may lead 
to inconsistent product performance. Another concern is 
that they are not as strong as fully synthetic polymers, which 
could compromise the gel’s stability and durability under 
stress or in the dynamic environment of the digestive sys-
tem. Additionally, some semi-synthetic polymers require 

crosslinking agents or other polymers to achieve the desired 
gel characteristics, complicating the formulation process. 
Overall, semi-synthetic polymers serve as a good middle 
ground between natural and synthetic materials, but they 
must be carefully manufactured and stored to ensure proper 
function best[75].

5.2.3.  Effects with respect to the In-situ gels
Semi-synthetic polymers can also be utilized alone or in 
mixture with synthetic and natural polymers for In-situ gel 
formation[9]. Semi-synthetic polymers may be utilized to be 
biodegradable, biocompatible, and have improved 
water-solubility to create excellent drug-delivery systems[76]. 
Semi-synthetic polymers possess specified structures that can 
be modified to accomplish tailor-made degradation and 
functionality. It can be changed for In-situ gelation and has 
taken a mature place in medication delivery technologies 
due to its distinct features. Semi-synthetic polymers are 
commonly used in the process of In-situ gels due to their 
exceptional properties, such as controlled release, biodegrad-
ability, and biocompatibility, as these polymers can enhance 
the mechanical strength and stability of gels. Additionally, 
the use of semi-synthetic polymers can improve the biode-
gradability and biocompatibility of the gel[77–79].

5.3.  Natural polymers

Natural polymers are those polymers that are obtained from 
natural sources such as plants, animals, and microbes few 
instances of natural polymers are alginic acid, carrageenan, 
chitosan, sodium hyaluronate, pectin, xanthan gum, and 
xyloglucan (Figure 6), among others. These polymers pri-
marily undergo gelation through ionic crosslinking and 
pH-sensitive mechanisms. Example: Alginate and gellan gum 
form gels in the presence of divalent cations (Ca2+), while 
chitosan exhibits pH-dependent solubility and gelation 
behavior. Applications of natural polymers include mucoad-
hesive drug delivery systems, sustained-release formulations, 
and targeted delivery in gastrointestinal conditions due to 
their biocompatibility and biodegradability[80].

5.3.1.  Advantage
Natural polymers, such as pectin, alginate, xanthan gum, 
guar gum, and gum tragacanth, are becoming increasingly 
popular for making oral In-situ gels due to their biocompat-
ibility, biodegradability, and safety. These compounds origi-
nate from plants or microbes and are generally recognized 
as safe (GRAS), allowing for their use over extended peri-
ods without adverse effects. One of their main advantages 
is their ability to adhere to mucus, which helps the medi-
cation stay at the site of action longer, thereby increasing its 
effectiveness. Natural polymers usually respond to changes 
in pH or ionic strength within the body, enabling them to 
gel at specific sites and release drugs gradually. They are 
also renewable and environmentally beneficial, aligning with 
the growing demand for long-lasting, eco-friendly 
medicines[65].
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5.3.2.  Disadvantage
Natural polymers offer numerous benefits but also pose spe-
cific challenges when used in oral In-situ gel formulations. 
One significant issue is that their composition varies, which 
means the quality of the medical goods may change from 
batch to batch, depending on their origin and manufactur-
ing process. They often don’t perform as well mechanically, 
and to strengthen and stabilize the gel, they may need to be 
mixed with other polymers. Natural polymers are also more 
likely to be contaminated by microbes, thus they need to be 
made and stored with the right preservatives or sterilization 
procedures[81].

5.3.3.  Effects with respect to the In-situ gels
Natural polymers such as alginate, chitosan, pectin, and gel-
atin are being used a lot to make gels in place. They are 
being employed because they are biocompatible, biodegrad-
able, and have minimal toxicity. They can also be readily 
modified to achieve any desired drug-release profile and 
mechanical properties. Natural polymers can also be used in 
other pressurized delivery systems, such as ophthalmic, oral, 
mucosal, transdermal, etc., in an In-situ gel. Natural poly-
mers can lower the production cost in comparison to the 
use of synthetic polymers[82].

5.4.  Polymer compositions

Here are some polymer compositions that can be thrown 
away in In-situ gelling systems:

5.4.1.  Poloxamers
Poloxamers are a class of artificial block copolymers widely 
used in the pharmaceutical and biomedical fields. They con-
sist of a central hydrophobic block of polyoxypropylene 
(poly-propylene oxide) and two hydrophilic blocks of poly-
oxyethylene (poly-ethylene oxide). They can form 
thermo-reversible gels when heated above their critical micelle 
temperature (CMT). Poloxamers are often utilized in pharma-
ceutical formulations and tissue engineering applications[63].

5.4.2.  Alginate
It is a natural polymer derived from the cell walls of brown 
algae and consists of blocks of guluronic acid and man-
nuronic acid. This polysaccharide is known for its capability 
to form gels in the presence of divalent cations like calcium, 
which is why it’s extensively used in food processing, phar-
maceuticals, & biotechnology for uses such as thickening, 
stabilizing, and forming films or beads for encapsulation. 
Alginate gels have been applied to tissue engineering, medi-
cation delivery, and healing wound[83].

5.4.3.  PNIPAAm (poly(N-isopropyl acrylamide))
PNIPAAm is a thermoresponsive polymer that undergoes a 
sol-gel transition at its LCST (Lower critical solution tem-
perature) of around 32 °C. PNIPAAm gels have been applied 
to tissue engineering and medication delivery[12].

5.4.4.  Pluronic F127/hyaluronic acid (HA)
A composite gel created on Pluronic F127 & hyaluronic acid 
has been applied to medication distribution. Pluronic F127 
provides thermosensitivity and the capacity to create a gel, 
while hyaluronic acid provides bioactivity and 
biocompatibility[84].

5.4.5.  Alginic acid
Alginic acid is a biopolymer known as polyuronic acid or 
derived from algae sources, Laminaria has a range of biolog-
ical applications that will continue to be used in 
controlled-release products in the future. At this time, it is 
permitted for use in conjunction with cable antacids. It 
soaks up at a rate of 200–300 times its own mass. And 
talking about its features, it provides high pH gel as well as 
high viscosity at low pH[85].

5.4.6.  Pectin
Pectin with a typical molecular weight ranging from 
50–150 kDa is a linear framework polymer consisting of a 
few hundred to several thousand monomers of galacturonic 
acid units connected via glycosidic bonds. It is used as a 
gelling agent[86].

5.4.7.  Xyloglucan
It is a natural tamarind seed-derived polysaccharide, also 
provides mucoadhesive properties due to its “mucin-like” 
molecular structure[87].

5.4.8.  Gellan gum
The polysaccharide gellan gum is derived from the microbe 
Sphingomonas elodea which is recreated by the fermentation 
process. Low quantities of gellan gum generate gels when 
heated liquids are cooled in the presence of cations that pro-
mote gelation[88].

5.4.9.  Chitosan
It is a natural polymer originating from chitin, a compo-
nent of crustacean shells. It can create a gel when exposed 
to acidic solutions or crosslinking agents such as glutaral-
dehyde. Chitosan gels have been applied to tissue engi-
neering and medication delivery. Chitosan shows 
antioxidant activity. It is a cationic polymer that is fully 
deepened on pH. It has been dissolved in the 6.23 pH 
aqueous solution[89].

5.4.10.  Carrageenan
It is an ionic polysaccharide extracted through Rhodophyta 
(red seaweed). It is found in three types, which are 
ι-carrageenan’s, κ-carrageenan’s, and λ-carrageenan’s. It is 
water soluble. To enhance the mechanical and functional 
qualities of carrageenan-based nanocomposite films, several 
nanofillers were utilized to reinforce the material. Only  
I- and λ-carrageenan are capable of forming physical gels, 
whereas K-carrageenan hydrogels are pH and temperature- 
sensitive[90].
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5.4.11.  Guar gum
It is taken out of the ground endosperm of guar seeds, which 
is filtered out from the fine germ and hull and made into a 
powder known as guar gum which is also known as guar 
flour and gum simopsis. It has been cultivated since ancient 
times in India and Pakistan. It can be grown in the southern 
hemisphere of Australia, Brazil and the southern states, as 
well as in semi-arid regions in South Africa. Many layers are 
found in the guar kernel in which the outermost layer which 
is known as the husk found as 16–18% and the second layer 
is known as the germ that is found as 43–46% and the third 
layer is known as endosperm and it is found as 34–40%[91].

5.4.12.  Xanthan gum
Xanthan gum is nontoxic, nonirritating, and soluble in hot 
and cold water. It provides high viscosity and is used as an 
emulsion stabilizer. Its high viscosity effectively stabilizes 
creams, lotions, and emulsions (oil-in-water emulsions), 
which provides stability over a specific temperature and pH 
range. Xanthan gum stabilizes the oil phase (cream and 
lotion). It increases the ability of lotion to flow even with 
aging and distributes evenly across the skin. It can ade-
quately dissolve the insoluble ingredients in cosmetics and 
has the ability to suspend[52].

These are just a few examples of polymer compositions 
that can be used in In-situ gel. The choice of a suitable poly-
mer composition is based on the particular application or the 
desired properties of the resulting gel. Polymer compositions 
refer to blending at least two distinct polymers to form a new 
material with unique properties. Here are some advantages 
and disadvantages of using polymer compositions:

5.5.  Advantages of polymer compositions

There are additional benefits to the In-situ gel medication 
administration technology compared to the traditional drug 
delivery technique, which is known for its prolonged and 
sustained release, as well as low administration doses[2]. 
In-situ gel shows prolonged release in Mucoadhesive and 
ocular drug delivery. In-situ gelation gel polymer electrolytes 
provide benefits, including strong ionic conductivity, good 

mechanical properties without leakage, and also, the bio-
availability can be improved[92–95].

5.6.  Disadvantages of polymer compositions

Several disadvantages of In-situ gel are given, as with hydro-
phobic drugs, getting the correct amount of drug in the gel 
can be challenging, and another is that the drug’s solution 
form is more likely to degrade, so more fluid may be needed 
to keep the gel in the correct state[2].

6.  Comparative analysis of polymers used in oral 
In-situ gels

A comparative summary of polymer characteristics is pre-
sented in Table 1.

7.  Drugs used in oral In-situ gel preparations

It is designed to maintain a gel-like consistency when 
administered orally to enhance drug therapeutic efficacy and 
bioavailability. Some of the drugs that are used in the form 
of an oral In-situ gel are the following:

7.1.  Anti-microbials and antibacterial

Some antibiotics, such as metronidazole, fluconazole, doxy-
cycline, etc., are being used in the form of oral In-situ gel 
for the treatment of serious diseases like periodontitis[96–98].

7.2.  Analgesics

Local anesthetics such as lidocaine and benzocaine are often 
used in oral In-situ gel preparations to provide pain relief for 
dental procedures or oral ulcers[99–101].

7.3.  Anti-ulcer agent

Drugs like hydrocortisone for the treatment of aphthous 
ulcers, Andrographolide as an anti-ulcer, Roxatidine for the 

Table 1. C omparative analysis of polymers used in oral In-situ gels.

Polymer type Examples Advantages Limitations Stability concerns

Natural Polymers Pectin, Alginate, Chitosan, 
Xanthan gum, Gellan 
gum

High biocompatibility and 
biodegradability; excellent 
mucoadhesive properties; safe for 
prolonged use; environmentally 
friendly

Batch-to-batch variability, poor 
mechanical strength, lower 
reproducibility, prone to 
microbial contamination

Sensitive to microbial growth; 
degradation under varying 
pH and temperature; 
inconsistency during 
storage[80].

Synthetic Polymers Carbopol, Poloxamers, 
Polyvinyl alcohol (PVA), 
PNIPAAm

High structural integrity; reproducible 
performance; controlled gelation; 
better mechanical strength; 
predictable drug release

probable toxicity, 
non-biodegradable nature, 
use of organic solvents, 
lower biocompatibility 
compared to natural 
polymers

Chemical stability issues due 
to residual solvents; 
possible long-term toxicity; 
environmental concerns; 
polymer-drug 
incompatibility[63].

Semi-synthetic Polymers HPMC, CMC, 
Methylcellulose

Balanced properties 
(biocompatibility + improved 
strength); good mucoadhesion; 
controlled drug release; cost-effective; 
suitable for large-scale production

Moderate variability, requires 
optimization with other 
polymers; less robust than 
fully synthetic polymers

Sensitive to environmental 
factors (pH, temperature, 
humidity); risk of viscosity 
changes during storage; 
potential degradation over 
time[63].
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treatment of peptic ulcers, Omeprazole for gastric ulcers, 
and Ranitidine for the treatment of acid reflux have been 
used as In-situ gel drug delivery[102–105].

7.4.  Anti-inflammatory

Anti-inflammatory drugs like Piroxicam3, Celecoxib2, and 
Diclofenac are primarily used in In-situ gel to treat condi-
tions like pain and oral inflammation[106,107].

7.5.  Anti-oxidants

Worker bees naturally produce a material called Royal Jelly 
(Pharmaceutical Formulation In-situ Gel), which exhibits 
antioxidant and anti-inflammatory properties in terms of 
biological activities[108].

Therefore, based on the existing literature review, antimi-
crobial, analgesic, anti-ulcer, anti-inflammatory, and 
Antioxidant drugs are used in the form of In-situ gels.

7.6.  Criteria for the selection of the drug

7.6.1.  On biopharmaceutical classification strategy
In the drug selection criteria, the BCS classification of the 
drug is first taken care of, in which the drug is sorted by 
the drug’s solubility and permeability[109]. The biopharma-
ceutics classification system has proven helpful in drug dis-
covery, drug development, and regulatory science for drug 
products. This classification captures factors that affect oral 
drug absorption based on solubility and permeability[110]. It 
has proved very useful and widespread in press production 
and in drug product regulatory science. Based on the med-
ication product’s in-vitro dissolution for instant-release solid 
oral dosage forms, the BCS guideline authorizes biowaivers 
for BCS class I medicines[111]. The biopharmaceutics classifi-
cation system is mainly divided into four classes, with class 
I having high solubility and high permeability. Metoprolol, 
paracetamol, and propranolol are other examples. These 
drugs are ideal for In-situ gel formulations because they dis-
solve quickly and are well absorbed, resulting in predictable, 
long-lasting drug release. Their primary limitation is the 
potential for rapid drug release (“burst release”), which may 
diminish the efficacy of sustained delivery unless meticu-
lously regulated through polymer selection and optimization 
of gel strength. Ibuprofen, ketoconazole, and diclofenac are 
examples of class II drugs that can dissolve in flames and 
are very permeable. When used with solubility-enhancing 
methods such as nanoparticles, solid dispersions, or inclu-
sion complexes, these drugs are ideal for In-situ gel systems. 
Some problems with this method are that it doesn’t dissolve 
well in water, there is a risk of not releasing all the drug, 
and it can be hard to get the drug to spread evenly through-
out the gel matrix. These issues could affect the accuracy of 
the dose and the drug’s response. Class III drugs have high 
solubility and flame permeability, as observed. Examples 
include ranitidine, cimetidine, and metformin. These drugs 
benefit from In-situ gel systems because they remain at the 
absorption site longer, potentially making them more 

permeable. Their limitation is that their membranes are nat-
urally not very permeable, which may make it hard for the 
body to absorb them even when the drug release is perfect. 
This means that permeation enhancers or bioadhesive poly-
mers need to be used. They are in class IV and are 
flame-soluble, meaning they are also flame bioavailable. 
Hydrochlorothiazide and furosemide are two examples. 
These drugs pose considerable formulation challenges and 
are typically considered less appropriate for In-situ gel sys-
tems unless sophisticated methodologies are used. Limitations 
include suboptimal bioavailability, challenges in achieving 
sufficient solubility and permeability, and intricate formula-
tion requirements, rendering them the least favorable options 
for oral In-situ gel delivery systems. The Suitability and chal-
lenges of drugs based on BCS Classification are (shown in 
Table 2)[112–114], and also used these points for the selection 
of the drug for the oral mucoadhesive in the following 
manners:

•	 Drugs with a shorter elimination half-life[9,115,116].
•	 Drugs that have poor bioavailability[117,118].
•	 Drugs that require frequent dosing[117,119].
•	 Drugs that show local action in the oral  

mucosa[117,119].

7.6.2.  Solubility
Since the gut environment often has an alkaline pH, the 
medication should be poorly soluble at that pH[128].

7.6.3.  Absorption site
For In-situ gel formulations, medications that predominantly 
work in the stomach, such as misoprostol, are also excellent 
options[128].

7.6.4.  Stability
Throughout its shelf life, the medication should remain 
effective and stable in its formulation[42].

7.6.5.  Safety
It is imperative that the medication is safe for oral adminis-
tration and does not cause gastrointestinal distress[42].

7.7.  Formulation issues

The main problems faced by today’s pharmaceutical indus-
try are focus on finding good treatments that are easy to 
use, yet loved by both patients and doctors and produce 
great results. In such a situation, the In-situ gel drug deliv-
ery system is also involved in a challenging drug delivery 
system in which many biodegradable polymers are used[129]. 
But some problems are faced such as problems of In-situ gel 
formulation, difficult processability, syringeability, rheology, 
and drug release. Their formulation involves the use of 
organic solvents such as those for mainly synthetic 
polymer-based systems[130], and some such as the burst 
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effect and drug irreversible release kinetics. If we talk about 
natural polymers, then they appear to be an ideal poly-
mer[35,131]. The In-situ gel is compatible with most drugs but 
some drawbacks such as short reaction time, highly emol-
lient nature, and low biocompatibility may pose 
challenges[48].

7.8.  Stability issues of oral In-situ gelling preparations

The capacity to preserve its physical and chemical properties 
throughout time and under different storage conditions is 
called stability[132]. The following are some of the variables 
that can affect the stability of an oral In-situ gelling prepa-
ration such as pH, temperature, moisture, light, drug-polymer 
interactions, gelation kinetics, etc. mostly affect the stability 
of pH-sensitive drugs[35]. In detail, the pH of the preparation 
can affect the stability of the gel matrix and the drug, espe-
cially for pH-sensitive drugs[133]. Temperature can affect the 
gel matrix and drug’s viscosity, gelation rate, and degrada-
tion. Moisture can affect the gel matrices and the drug’s sta-
bility, especially for hydrophilic drugs[134]. Light can affect 
the stability of the drug, especially for light-sensitive 
drugs[135]. Drug-polymer interactions can affect the stability 
of the gel matrix and the drug, leading to drug degradation, 
precipitation, or aggregation. Gelation kinetics can affect the 
physical characteristics of the gel matrix, like gelation time, 
mechanical strength, and viscosity[136].

7.8.1.  Physical stability
Physical stability is considered an essential aspect in In-situ 
gel formation, points such as entrapment capacity, density, 

swelling index, and viscosity are used to assess the physical 
stability of the In-situ gel by measuring these points[102,137]. 
In-situ gel formulations can be physically stable and exhibit 
high viscosity at low shear rates[138]. Physical mechanisms of 
physical stability involve the cross-linking of polymer chains, 
which can be influenced by factors such as pH, ionic 
strength, and temperature[15,139].

7.8.2.  Chemical stability
Chemical degradation may compromise the chemical stabil-
ity of the In-situ gel, leading to instability. This includes 
hydrolysis, oxidation, and photodegradation reactions, which 
may result in drug degradation, loss of potency, or forma-
tion of toxic by-products. The presence of reactive func-
tional groups in polymers (e.g., carboxyl, hydroxyl) can 
further accelerate drug–polymer interactions, affecting for-
mulation stability[15]. The In-situ gel involves both physical 
and chemical processes, and the chemical reactions within 
the mechanism can alter the gel’s stability[139].

7.8.3.  Microbiological stability
Microbiological stability of In-situ gel means that the gel 
remains sterile and prevents microbial growth during storage 
and use. The microbial stability of the In-situ gel may be 
affected by factors including its preparation method, storage 
conditions, and the preservatives used. It is essential to test 
In-situ gel preparations for microbes to ensure they are safe 
and effective. Natural polymers are particularly susceptible 
to microbial contamination due to their organic origin, 
necessitating the use of preservatives and proper sterilization 
techniques[137,140].

Table 2. S uitability and challenges of drugs based on BCS classification.

S.no.
BCS 

classification
Solubility/ 

permeability

Some examples of 
drugs are used in 

in-situ gel DDS Suitability Challenges Ref.

1 Class-I High solubility, High 
Permeability

Triamcinolone 
acetonide

Class-I drugs are well-suitable for 
In-situ gel as they exhibit good 
solubility, permeability, 
facilitating efficient drug release 
and absorption. These drugs are 
often rapidly and continuously 
absorbed, making them 
excellent choices for 
controlled-release formulations.

After applying the gel to the 
infected area, it should not take 
much time for the gel to form, 
which affects the drug release 
kinetics.

[120,121]

2 Class-II Low solubility, High 
Permeability

Carbamazepine The solubility and bioavailability of 
drugs can be easily increased if 
an In-situ gel matrix is used to 
improve the solubility and 
bioavailability of drugs in Class 
II.

Ensuring drug stability and 
homogeneous drug dispersion 
inside the gel matrix may be 
difficult and gel formation time 
may be longer.

[122,123]

3 Class-III High solubility, Low 
Permeability

Sumatriptan 
succinate

The permeability-enhancing action 
of fulvic acid made 
mucoadhesive nasal In-situ gel 
drug administration particularly 
advantageous for BCS category 
III medicines.

BCS Category III drugs may pose 
challenges in optimizing drug 
permeability, controlling drug 
release, ensuring mucoadhesive 
properties, and maintaining 
formulation stability.

[124,125]

4 Class-IV Low solubility, Low 
Permeability

Bifonazole Class 4th drugs are made easily 
complex with solubility 
enhancers like 
Beta-Cyclodextrin.

Challenges when formulating In-situ 
gels with BCS Class IV drugs 
may be increasing solubility, 
overcoming poor permeability, 
ensuring bioavailability, and 
successful formulation 
development.

[120,126,127]
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7.8.4.  Environmental sensitivity
The sensitivity of In-situ gels to environmental factors, such 
as temperature and pH, can lead to gelation. Careful man-
agement of these conditions is necessary to avoid early gela-
tion or deterioration. Storage conditions such as temperature, 
humidity, and light exposure significantly influence the sta-
bility of In-situ gels. Elevated temperatures may accelerate 
degradation and alter viscosity, while high humidity can 
affect hydration and swelling behavior. Light-sensitive drugs 
may undergo photodegradation, necessitating protective 
packaging such as amber-colored containers[75].

7.8.5.  Compatibility
To ensure a stable release and even distribution, the medica-
tion must work well with the gel matrix. Incompatibility 
between drug and polymer may lead to precipitation, 
reduced drug loading, or altered release kinetics, thereby 
compromising formulation performance.

8.  Patents of In-situ gel formulation last 10 years

The patents based on Oral In-situ Gel are (shown in Table 3).

9.  Evaluation parameters for In-situ gel

9.1.  Physical appearance

The physical characteristics of In-situ gel compositions were 
visually assessed against a white and black backdrop in light 
to evaluate the clarity of the gel solution[53].

9.2.  pH determination

To check pH, a digital pH meter will be used, in which a 
buffer solution of 4, 7, & 9 concentrations at 25 °C will be 
used, and an electrode should be placed on the surface of 
the formulation[146].

9.3.  Syringeability test

Transferring the In-situ gel formulation into a 1 mL syringe 
with a consistent volume (2 mL) and holding it with a 

20-gauge needle is recommended. In which a gel solution 
that is easily passed should be called a pass, and a gel solu-
tion that is difficult to pass should be called a 
failure[102,137].

9.4.  Gelation temperature

A 30 mL transparent vial was used for evaluating the gela-
tion temperature. A 10 mL sample was taken in the vial, and 
the magnetic beads were transferred to it. The sample was 
heated at low temperatures and continuously rotated with 
the magnetic beads. The temperature was recorded when the 
magnetic beads stopped moving. The final temperature when 
the solution is converted into the gel is called the gelation 
temperature[147].

9.5.  Gelling capacity

The gelling potential to be derived is based on parameters such 
as gelling time, degradation time, and environmental changes[148].

9.6.  Gelling time

To determine the gelation time, first, take the prepared for-
mulation in a 20 mL test tube and then place the test tube 
in a water bath whose temperature is maintained at 37 ± 2 °C. 
The test tube is then turned upside down, and it is observed 
that the prepared formulation has converted into a gel, and 
the test tube is jammed on the surface and does not come 
out easily. The time taken for the formulation to convert 
into a gel is also noted, known as the gelation time[149].

9.7.  Spreadability

To measure the spreading capacity, two glass slides of equal 
dimensions are taken, and between which 1 gm of the pre-
pared gel formulation is transferred, and a weight of 1 kg is 
left over it for 1 minute. After removing the weight for 
1 minute, the diameter of the gel’s spread area is measured. 
The spreading ability of the formulation decreases at the 
same time as the viscosity of the solution increases[148,150].

9.8.  Drug content

To obtain the gel formulations, first, 1 g of gel was mixed 
with 100 mL of 6.8 pH solution. Buffer and ethanol were 
added, and the prepared mixture was stirred continuously 
for 4 hours, followed by an additional 6 hours to complete 
the dissolution process. Then, it is filtered through a 0.45 μm 
filter paper and analyzed by appropriate dilution using a 
spectrophotometer. Linear regression equation used to calcu-
late drug content derived from calibration data[151].

9.9.  Viscosity

To determine viscosity, a Brookfield viscometer can be used, 
in which readings are taken at room temperature, such as 

Table 3. L ist of patents of In-situ gels.

S.no. Title of patent
Publication 

year Ref.

US9566336B2 In-situ gelling drug delivery 
system

2014 [141]

CN107049932B Small molecule drug In-situ 
phase change gel sustained 
release system and 
preparation method

2017 [142]

CN108310460B Injectable high-strength 
temperature-sensitive 
modified chitin-based 
hydrogel, preparation method, 
and application thereof

2018 [143]

CN109820816B Temperature-sensitive biogel 
preparation and application

2019 [144]

US20220202703A1 In-situ gel-forming delivery 
systems, methods, and 
compositions

2022 [145]
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25 °C to ±5 °C. For measurement of 400–600 mL of the pre-
pared formulation, use the spindle of the Brookfield viscom-
eter at 50 rpm and place it under the spindle of the Brookfield 
viscometer, submerge the spindle shaft up to the submersion 
mark, and switch on the Brookfield viscometer; then note 
the reading take[152].

9.10.  In-vitro drug release

It can be checked from In-situ gel formulations of any drug 
over 24 hours by the repeated dissolution of a cellophane 
membrane using 6.8 pH phosphate buffer in which, First the 
cellophane membrane was soaked in phosphate buffer for 
12 hours then 1 mL of the prepared In-situ gel was kept in 
the cellophane membrane and the membrane was removed 
from the surface of the receptor medium. The paste is then 
stirred in phosphate buffer with a magnetic stirrer at 50 rpm, 
sampled in a time series, and analyzed in a known spectro-
photometer range[153].

9.11.  In-vitro drug release kinetics

The mechanism of drug release can be analyzed by selecting 
the appropriate model from zero order, first order, Higuchi 
model, and again the R2 value of Korsmeyer-Peppa, etc. in 
which different release kinetics mechanisms are 
identified[146].

9.12.  Solubility study

An In-situ stability test of the gel was conducted to assess its 
chemical and physical stability. In which the In-situ gel was 
kept at 4 °C for 3 months in an air-tight container coated 
with aluminum foil. The In-situ gel was evaluated on its sol-
ubility. In-vitro drug diffusion study & release kinetics, 
Cumulative percent drug (release at the time), and 
Centrifugation test. In vitro drug release, Viscosity, Drug 
content, and Spreadability etc. Along with this, the stability 
guideline of ICH was done[147,154].

10.  Applications of In-situ gels

For In-situ gels, ingredients including poloxamer, car-
bopol, xyloglucan, pectin, and gellan gum are employed. 
Some of the disclosed polymers and medications, as well 
as the method of administration of In-situ gelling systems 
(shown in Table 4), have the potential to be delivered to 
particular areas using pH-sensitive, Temperature-sensitive, 
Ion-activated gels.

11.  Future direction associated with the formulation 
development of oral In-situ gels

The In-situ gelling drug delivery system has attracted a lot 
of attention in the last decade, and some of its possible 
future improvements are as follows:

11.1.  Optimization

Work can be done to optimize the formulation of In-situ 
gels to improve properties such as pH, floating behavior, 
density, viscosity, the volume of gel formed, and gel strength.

11.2.  Non-Parenteral administration routes

The use of In-situ gel for treating oral mucositis may prove 
effective in preventing fungal and bacterial infections, pro-
moting wound healing, and reducing pain and inflammatory 
responses.

11.3.  Combination therapy

In-situ gels can be formulated with multiple drugs as a com-
bination therapy to increase treatment effectiveness, resulting 
in increased drug potency.

11.4.  Nanotechnology

By incorporating nanoparticles into In-situ gels, the drug 
delivery efficiency can be enhanced, and the nanoparticles 
can improve the drug solubility, absorption, stability, and 
ocular tissue distribution, leading to better therapeutic 
outcomes.

11.5.  Improve patient compliance

The future prospects of oral In-situ gels as a strategy to 
enhance patient compliance involve increasing comfort, 
ensuring consistent drug delivery, reducing dosing frequency, 
boosting adherence, and refining formulation features. 
Advances in In-situ gel technology could revolutionize drug 
delivery methods and improve treatment outcomes for vari-
ous diseases.

11.6.  Improve healing property

Enhancing the healing capabilities of oral In-situ gels includes 
boosting their mucoadhesive qualities, adding wound-healing 
agents, optimizing formulation parameters, creating 
temperature-sensitive gels, and improving patient comfort. 
Advances in In-situ gel technology could revolutionize drug 
delivery and advance treatment options for various diseases.

11.7.  Emerging technologies

Emerging technologies, such as AI-driven formulation 
design, will change how oral In-situ gels are made. Machine 
learning can determine how well a polymer and a drug will 
work together, identify the optimal conditions for gelation, 
and predict how drugs will be released. This speeds up the 
development process and makes it more efficient. Smart 
polymers that respond to changes in pH, temperature, and 
enzymes in the body enable more accurate, controlled drug 
delivery. There are still problems to solve, such as large-scale 
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production issues, a lack of standardized testing methods, 
differences in how well things work in vivo, and regulatory 
uncertainty[170,171].

12.  Innovative aspects of the study

This article offers a comprehensive overview of oral In-situ gel 
systems, emphasizing a detailed classification of polymers- syn-
thetic, semi-synthetic, and natural- highlighting their unique 
advantages, drawbacks, and effects on formulation behavior. It 
provides in-depth insights into how polymer selection impacts 
crucial factors like gelation, mucoadhesion, drug release, and 
especially stability, more extensively than other studies. The 
article distinguishes itself by categorizing stability issues into 
five groups: physical, chemical, microbiological, environmental, 
and compatibility-related, and directly associates these issues 
with polymer properties- a perspective often missing in cur-
rent research. It also discusses advanced technologies such as 
dual-drug delivery, nanoparticle-loaded systems, bioenhancers, 
and 3D-printed In-situ gels, which enhances its academic and 
practical relevance. Furthermore, it considers drug selection 
based on biological and physicochemical properties and 
reviews patents and assessment criteria, aiding the transition 
from theoretical design to practical application. Researchers 
and formulation scientists aiming to improve oral In-situ gel 
technologies will find this detailed and innovative resource 
highly valuable.

13.  Conclusions

The development of oral In-situ gel systems represents a 
major advancement in drug delivery. They facilitate 

controlled, site-specific, and sustained release of medication, 
enhancing patient adherence to treatment plans. This article 
explored various creation methods for In-situ gels, including 
chemical, physical, and physiological techniques. It also 
highlighted innovative concepts such as mucoadhesive sys-
tems, nanoparticle incorporation, floating gels, and the use 
of bioenhancers. Extensive research has focused on how nat-
ural and synthetic polymers influence the performance and 
efficacy of different delivery systems, along with their respec-
tive advantages and disadvantages. The choice and combina-
tion of polymers significantly impact gel formation, drug 
interaction, mucus adhesion, and release profiles. Synthetic 
polymers are predictable but may be difficult to degrade and 
pose safety concerns. Semi-synthetic polymers are safe and 
effective, while natural polymers are biocompatible but may 
suffer from variability and lower mechanical strength. 
Stability challenges- whether physical, chemical, or microbi-
ological- must be carefully managed during manufacturing, 
packaging, and storage. In general, this review shows that 
the choice of polymer, the mechanism of gelation, and sta-
bility are the most important factors that determine the suc-
cess of oral In-situ gel systems. Optimized formulations 
exhibit improved bioavailability, prolonged drug release, and 
enhanced therapeutic efficacy. Nonetheless, notable research 
deficiencies persist, encompassing inadequate clinical valida-
tion, absence of standardized formulation protocols, insuffi-
cient comprehension of long-term stability in physiological 
conditions, and difficulties in scaling production for indus-
trial purposes. Moreover, inconsistency in in-vivo perfor-
mance and insufficient correlation with in-vitro results 
persist in obstructing the integration of these systems into 
clinical practice. Future research should focus on integrating 
advanced technologies, including nanotechnology, AI-assisted 

Table 4. A pplication of oral In-situ gels/Other In-situ formulations.

S.No.
Name of the 
formulation Polymer used in the preparations Drug delivery system Drug References

In-situ gel Poloxamer 188, Poloxamer 407, Carbopol 
934 P, and Gellan Gum

Mucoadhesive Curcumin [155]

In-situ gel Poloxamer,
gellan gum

Mucoadhesive Moxifloxacin [147]

In-situ gel Poloxamer 407, Carbopol 934 Mucoadhesive Curcumin [156]
Hydrogel Pluronic F127 Thermosensitive Hydrogel Metronidazole [157]
Gel Carbopol local drug delivery system Alendronate [158]
Hydrogel Polyethylene Glycol Hydrogel drug delivery Aspirin [159]
In-situ gel Chitosan, Poloxamer In-situ drug delivery Fasudil hydrochloride [160]
Microsphere-loaded 

In- situ Gel
Poly-ε-caprolactone Vaginal Metronidazole [161]

Gel Carbopol 934 as Mucoadhesive drug delivery Clove Oil [151]
In-situ gel Methylcellulose In-situ drug delivery Atorvastatin [153]
In-situ gel Poloxamer, Carbopol Mucoadhesive Curcumin [162]
In-situ gel Pluronic F-127, Chitosan Transdermal delivery system Cortex Moutan [84]
In-situ gel HPMC, Gellan gum Vaginal Clindamycin HCL [163]
In-situ-Based Gels Chitosan, Pluronic F127 Nose-to-Brain delivery Levodopa [42]
In-situ gel Poloxamer 407, Poloxamer 188, HPMC Rectal delivery Duloxetine HCl (DXH) [164]
In-situ gel Pluronic F127 Intrapacket drug delivery system Doxycycline Hyclate [165]
In-situ gel Temperature/Pluronic F-127, Pluronic F-68, 

HPMC E5, and HPMC E50
Ocular drug delivery system latanoprost [166]

Thermo-sensitive gel poloxamer 407, poloxamer 188 Ocular drug delivery system timolol maleate [167]
In-situ gel poloxamer 407, Carbopol 934, HPMC Oral mucosa Acyclovir [148]
In-situ gel Sodium alginate, HPMC K4M, HPMC K100, 

PEG 400
Oral drug delivery system Metformin Hydrochloride [168]

In-situ gel Sodium alginate, Gelucire Oral drug delivery system Piroxicam [108]
In-situ gel Sodium alginate, HPMC Mucoadhesive Moxifloxacin 

Hydrochloride
[25]

In-situ gel Pluronic F127, F68 & Carbopol Mucoadhesive Bupivacaine γ-Linoleate [169]
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formulation design, and smart polymers, to overcome cur-
rent limitations. It is also important to focus on conducting 
well-designed clinical studies, developing strong regulatory 
frameworks, and enabling large-scale manufacturing. To fully 
realize the potential of oral In-situ gel systems as reliable 
and patient-centered drug delivery platforms, it will be nec-
essary to address these gaps. Over the last decade, evaluation 
methods have become more innovative and clinically rele-
vant, especially for chronic and localized conditions. Future 
research will likely focus on enhancing formulations, inte-
grating nanotechnology, improving mucoadhesion, and cre-
ating personalized treatments. The aim is to develop therapies 
that are more effective, safer, and more patient-centric. Oral 
In-situ gels hold strong promise as a drug delivery platform, 
provided that polymer choice, stability, and patient-centered 
design are prioritized in formulation development.
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