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ABSTRACT:

In situ gelling systems have become increasingly important for drug delivery because they can switch from a liquid to a gel after administration, which can enhance
both the efficacy of treatment and patient compliance. In particular, the in situ gelling systems that respond to stimuli in the environment, such as temperature, pH,
ionic strength, or enzyme activity, are an advanced strategy, to achieve controlled and sustained release of drug quantities. Smart polymers provide a number of
benefits like localized treatment, less frequent dosing requirements, and reduced systemic side effects.

This review article discusses the different categories of stimuli-responsive polymers, and there in situ gelling mechanisms in drug delivery. For example, Polymers
respond to temperature like pluronic-based hydrogels, undergo sol-to-gel transition at human physiological temperatures which may be compatible with injectable
formulations. For example, pH sensitive polymers for polymer gels are traditionally made from chitosan or Polyacrylic acid and can allow localized drug release
due to the variations in pH depending on environment (gastrointestinal tract or tumor micro environment). Enzyme sensitive and redox responsive gels may offer
a promising strategy, since their ability to release drugs on demand is ideal for patients with chronic diseases such as cancer or diabetes.

Despite their considerable potential, there are various barriers to implementing them in the clinic. Biocompatibility, batch-to-batch reproducibility, regulatory
approval, and large-scale manufacturing challenges must be addressed before they become mainstream. New developments in nanotechnology, personalized
medicine, and hybrid gel systems can help reshape drug delivery and improving patient outcomes.

We review recent advances in stimuli-responsive in situ gelling systems, assess their limitations, and consider possible avenues for future research and development.
If researchers overcome challenges, and focus on novel material design, we may witness astonishing applications of these smart polymer-based drug delivery
systems push the boundaries of therapeutic options for oncology, ophthalmology, wound healing, and regenerative medicine.
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Introduction

In recent years, in situ gelling systems have become a novel and attractive method for drug delivery that changes from liquid to gel form after
administration. Many traditional drug formulations are rapidly cleared and do not deliver drugs consistently, whereas the gel-based systems allow for
enhanced retention at the desired site of action, targeting, and controlled release of drugs. In particular, stimuli-responsive in situ gelling systems belong
to a more advanced category of dosage forms designed to respond to both external and internal physiological stimuli to deliver drugs more appropriately,
based on physiological needs.

Stimuli-responsive materials exist in nature as well, where environmental factors act as triggers for physiological processes. In drug delivery systems for
pharmaceutical use, these materials will respond to triggers such as temperature, pH, ionic strength, specific enzymes, and redox potential to allow for
drug release on demand with enhanced therapeutic efficacy. For example, thermoresponding hydro gels are liquid at room temperature, but once touching
the body temperature, they form a gel. pH-sensitive polymers release the drug at specific pH levels (e.g. the stomach or tumor microenvironment).
Similarly, enzyme-responsive gels can degrade in response to biologically-relevant enzymes to help deliver the drug to a disease-specific environment.
There has been a variety of smart polymer-based systems that have been utilized in varying therapeutic areas such as oncology, ophthalmology, wound
healing, and tissue engineering. In regards to cancer therapy, pH-sensitive hydro gels typically utilize localized chemotherapy as a means to reduce
systemic toxicity. Thermoresponsive gels are beneficial in ophthalmic drug delivery because the longer residence time of drug on the cornea will improve
ocular bioavailability. Theses systems do face some major barriers, such as biocompatibility, regulation issues, reproducibility, and manufacturing at
larger scales.

The aim of this review is to provide a thorough and comprehensive review of stimuli-responsive in situ gelling systems, while talking about their
classification systems, mechanism of action, recent advancements, and future visions. Modification of existing challenges and design strategies of new
smart employable materials can help overcome existing barriers to the future of drug delivery systems.
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Mechanisms of Stimuli-Responsive In-Situ Gelation
2.1 Thermoresponsive Systems

Among stimuli-responsive in situ gels, thermoresponsive in situ gels are the most commonly studied systems because of their ease of use and simplicity.
Thermoresponsive in situ gelling polymers remain soluble at a lower temperature but undergo a gelation process at physiologically relevant temperatures
(37°C) through hydrophobic interactions.

Pluronic-based hydro gels (e.g., Pluronic F127) undergo a reversible sol-to-gel transition upon heating, however, these gels may be appropriate for use
for injectable formulations and ophthalmic formulations.

Research has been conducted in which these Pluronic-based in situ gels were demonstrated to improve ocular residence time to reduce frequency of eye-
drops in patients treated either for glaucoma or dry eye syndrome.

2.2 pH-Responsive Systems

Gels that exhibit sensitivity to pH differ by their response to various pH levels observed in the physiological environment, facilitating site-specific drug
delivery. For instance, chitosan based gels are liquid at physiological pH but gelified under acidic conditions. This is advantageous for drug delivery to
the stomach, where pH levels are low. Informed scientific research indicates that chitosan-based in situ gels can enhance the bioavailability of anti-ulcer
drugs upon prolonged retention in the stomach. Synthesis of poly(acrylic acid) and poly(methacrylate) derivatives are common, particularly for colonic
drug delivery, as these drugs are only released in an alkaline pH of the intestine.

2.3 lon-Responsive Systems

lonic sensitive hydro-gels gelify under the influence of specific ions found in body fluids. These systems are especially useful in ocular, nasal, and buccal
drug delivery methods. Polysaccharides known as alginates gel immediately upon encountering divalent cations, namely calcium (Ca?*). Often this
property has been utilized for drug delivery via the nasal route, where alginate-based in situ gels offer extended nasal residence times and sustained
release of the drug. Alginate based in situ gels can potentially enhance the bioavailability of poorly soluble drugs (e.g., anti-inflammatories, peptides) by
resisting enzymatic degradation.

2.4 Enzyme Sensitive Systems

Enzyme-sensitive gels degrade in the presence of disease-specific enzymes and thus can be useful for targeted drug delivery in medical conditions such
as cancer, infections and inflammatory diseases.

Peptide-based hydro gels have been developed with a response to proteases, providing tumor-targeted drug delivery where drugs are only released in
cancerous tissue, where proteases are elevated.

Hydro gels are also being studied for their response to matrix metalloproteinases (MMPs) for applications in wound healing, where drugs are released in
the presence of MMPs which are secreted by damaged tissues.

2.5 Redox Sensitive Systems

Redox-sensitive in-situ gels respond to changes in oxidation-reduction balance in diseased tissues, particularly in cancer and inflammatory conditions.
Glutathione-sensitive hydro gels containing anticancer drugs have been developed to selectively target tumor sites, since intracellular glutathione levels
are much higher than those in normal cells.

Redox-sensitive systems are also being explored in targeted gene delivery with the goal of adequate gene transfection without toxicity.

Applications of Stimuli-Responsive In Situ Gelling Systems
3.1 Ophthalmic Drug Delivery

Aside from parental drug delivery, stimuli-responsive in situ gels have also been recognized for being smart gel systems for ocular drug delivery, as these
types of gels are designed to have a prolonged duration of drug retention on the surface of the eye.

For instance, Xu and colleagues (2022) published data on thermoresponsive gels made of Pluronic containing timolol maleate and reported an extended
duration of intraocular pressure reduction in a cohort comprised of patients with glaucoma.

Some studies also looked at pH-sensitive gels containing ciprofloxacin for treatment of corneal infections for improved penetration and drug retention.

3.2 Cancer Therapy

Stimuli-responsive gels are being explored as rational approaches to effect localized chemotherapy while minimizing systemic toxicity and increasing
drug accumulation at the tumor site.

For example, pH-sensitive doxorubicin-loaded hydro gels were created to release drug in the acidic tumor microenvironment for reduction in off-target
delivery.
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Similarly, enzyme responsive in situ gels loaded with paclitaxel were developed specifically to elicit controlled-release in pancreatic cancer preclinical
models, where treatment resulted in a therapeutic impact.

3.3 Healing of Wounds & Regenerative Medicine

In the realm of wound healing, enzyme-sensitive hydro gels are able to prevent drug waste and bacterial resistance by only releasing the growth factors
or antimicrobial agents when needed. In a recently documented study conducted by researchers and published in Biomaterials Science (2023), it was
found that chronic wound healing was improved by a matrix metalloproteinase (MMP)-responsive hydrogel that delivered vascular endothelial growth
factor (VEGF) on demand. Thermoresponsive scaffolds are also being investigated for cartilage repair, however, they have less been used and researched
in the area of regenerative medicine. They provide minimally invasive administration while also providing long-term tissue regeneration.

Limitations and Future Directions

Though promising, multiple barriers exist to the widespread clinical use of stimuli-responsive in situ gels.

Biocompatibility concerns: Some synthetic polymers may cause local irritation, inflammation, or toxicity; Reproducibility issues: differences in polymer
synthesis can cause differences from batch to batch and impact drug release profiles; Regulatory and commercialization barriers: a lack of standardization
and production costs prevent commercial scale-up and FDA approval. Future work should examine: Synthesis of biodegradable/biocompatible smart
polymers. Combine nanotechnology and stimuli-responsive gels to create multifaceted drug delivery systems. Personalized medicine approaches based
on designed gel formulations for individual patient needs.

Conclusion

Recent research illustrates the remarkable progress of stimuli-responsive in situ gelling systems and their potential to transform the drug delivery
landscape in multiple therapeutic areas. However, more research and clinical validation will help overcome barriers and enhance the utility of these smart
polymer systems in the medical field.

Conclusion

Stimuli-responsive in situ gelling systems represent an innovative strategy in drug delivery, offering environmentally triggered, controlled, sustained, and
site-specific drug release based on many different stimuli: temperature, pH, ions, enzymes, and redox potential. These intelligent polymeric systems
confer considerable properties over conventional drug delivery forms through increased bioavailability, improved patient compliance, dose frequency
effects, and reduced systemic side effects. Their use may extend to many fields — including ophthalmology, oncology, wound healing, and tissue
engineering, demonstrating their broad applications in modern medicine.

Despite their advantages, there continue to be some challenging problems in terms of clinical translation — biocompatibility, regulatory challenges, issues
with batch-to-batch variability, and limitations on scale-up. In order to overcome these issues, additional work must be done to produce biodegradable
and patient-friendly polymers, modify gelation properties, and create an interface with nanotechnology to enhance drug loading and targeted delivery
capabilities. Additionally, clinical trials and regulatory approval may be necessary to demonstrate safety and efficacy as these systems may be used in
regulated fields.

Moving forward, personalized medicine and smart drug delivery systems may benefit from advancements in stimuli-responsive hydrogels. In conjunction
with biomaterials science, nanotechnology, and biomedical engineering, these next-generation drug delivery systems may have a substantial impact on
transforming therapeutic approaches and improve outcomes for patients.
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