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Abstract: 

The conventional treatment of ophthalmic diseases primarily focused on the topical application of eye 

drops. However, these formulations often exhibit low bioavailability and limited therapeutic efficacy due to 

rapid precorneal elimination mechanisms such as drainage and tear turnover. To address these challenges, in 

situ gelling systems have been developed. These systems are administered as liquid drops but undergo a sol-to-

gel transition upon contact with the ocular surface, typically triggered by physiological factors like pH, 

temperature, or ionic strength. This transition enhances the residence time of the drug in the precorneal area, 

thereby improving its bioavailability and therapeutic response. In this context, the present study focuses on the 
formulation and evaluation of an ophthalmic delivery system for insitu activated gel system. These drug delivery 

systems are based on the principle of pH-triggered in situ gelation, using polymers such as polyacrylic acid 

(Carbapol 940) as gelling agent and HPMC K4M and HPMC K15M) as viscosity enhancers. This approach 

aims to provide a sustained release of the drug, thereby prolonging its therapeutic effect and enhancing patient 

compliance. 
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INTRODUCTION: 

Eye disorders and the resulting visual impairments 

are increasingly recognized as global public 

health challenges, with significant implications for 

both physical and psychological health. At present, 
nearly 90% of available ophthalmic therapies are 

formulated as eye drops; widely used in the 

treatment of various ocular conditions including 

infections, cataracts, inflammation, dry eye 

disease, and conjunctivitis. Administering topically 

remains the most employed common route due to 

its non-invasing nature and easy for application 

[1]. Effective drug delivery to the eye remains a 

challenge due to anatomical and physiological 

barriers, including the cornea, tear film, and blood-

retina barrier, as well as continuous ocular motion 

that limit drug retention. In situ gel technology 
represents a promising alternative, offering 

sustained release, improved absorption, and 

enhanced patient adherence [2]. In situ gel 

systems, initially formulated as free-flowing 

liquids, are particularly advantageous for ocular 

drug delivery due to their ability to transition into 

gels upon exposure to physiological conditions. 

The polymers utilized in these systems typically 

demonstrate pseudo plastic behaviour, wherein 

their viscosity decreases under shear stress such as 

that caused by blinking allowing for uniform 
distribution across the ocular surface. Gel 

formation is induced by external stimuli, 

including variations in pH, ionic strength, or 

temperature, and the manufacturing process for 

these systems is relatively straight forward. 

Thermo responsive in situ gels, for instance, 

incorporate polymers that remain in a liquid state 

below the lower critical solution temperature 

(LCST) and undergo gelation when this threshold 

is surpassed. Conversely, when the temperature 

falls below the upper critical solution temperature 

(UCST), the gel reverts to a sol state [3]. 

 

Anatomy of human eye 

The human eye is structurally divided into two 

major parts;the anterior segment and posterior 

segment. The anterior segment includes cornea, 

conjunctiva, iris, pupil, ciliary body, anterior 

chamber, aqueous humor, lens, and trabecular 

meshwork. In contrast, the posterior segment 

consists of the vitreous humor, sclera, retina, 

choroid, macula, and optic nerve [4].The outermost 

layer consists of the cornea and sclera, providing 
protection and structural integrity. The middle 

layer, which includes the iris and pupil, is rich in 

blood vessels and plays a critical role in supplying 

nutrients to the eye. The inner layer is the retina, 

which is responsible for detection of light and 

transferring visual information. The anterior 

chamber lies between the cornea and iris, while the 

posterior chamber is located between the iris and 

the lens. These chambers are filled with aqueous 

humor, helps to nourish internal ocular structures 

and maintain intraocular pressure. The vitreous 

chamber which is situated in the third chamber, 

located in between lens and retina, containing 

vitreous humor—a gel substance that occupies the 
eye’s figure and enabling the light pathway 

transmitting to the retina. Visual information is 

then passed to the brain through the optic nerve, 

which extends from the exterior part of the eye 

through the optic foramen. This nerve provides as 

the primary portion for visualising images from the 

retina to the visual processing centres of the brain. 

Externally, the eyelids serve as protective 

structures. The inner surface of the eyelid is lined 

by the conjunctiva, a mucous membrane that 

connects the eyelid to the eye. Tear glands located 

in the upper eyelid secrete fluids essential for 
lubrication. The thin layered parts of eye contains 

of cornea, iris, and pupil. The sclera, the white, 

portion of the eye, surrounding most of the eyeball 

and also acts as a protective sheet for the optic 

nerve. The colored portion, which is the iris, 

located beneath the cornea, to control the amount 

of light entering into the eye by regulating the 

pupil’s size. The pupil allows as light entry point 

into the eye. The retina, a light-sensitive layer at 

the back of the eye, contains photoreceptor cells 

called rods and cones. These cells detect light and 
convert it into electrical signals, which then 

transmitted to the brain via the optic nerve [5]. 

 

 
 

Fig 1: alamy.com*anatomy of eye 

 

CHALLENGES IN OPHTHALMIC DRUG 

DELIVERY SYSTEM 

To sustain therapeutic drug concentrations in the 

tear film or target tissues, frequent application of 

eye drops is often required. Low bioavailability of 

ocular drugs primarily results from precorneal loss 
mechanisms such as solution drainage, tear 

production and dynamics, dilution, turnover, 

absorption by the conjunctiva, non-productive drug 

absorption, and limited residence time in the 

conjunctival sac, and the corneal epithelial 

barrier’s low permeability. These anatomical and 

physiological factors pose considerable challenges 
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to delivering drugs effectively to the anterior 

segment via topical administration. For a topical 

ocular formulation to be effective clinically, it 

must strike an optimal balance between lipophilic 

and hydrophilic properties while also maximizing 
the drug’s retention time on the eye surface [7]. 

A 

nterior segment drug delivery challenges 

When a drug is applied to the eye, it must first 

overcome precorneal barriers such as the tear film 

and conjunctiva before it can reach the corneal 

epithelium. These initial barriers significantly 

hinder the drug's ability to penetrate ocular tissues. 

As a result, precorneal loss mechanisms are a 

major contributor to the limited bioavailability 

observed in many topical ophthalmic formulations 

[8]. 

 

Posterior segment drug delivery system 

This barrier is more permeable to lipophilic 

molecules, which largely dictates the extent of drug 

penetration into the back of the eye. Major 

challenge in posterior segment drug delivery is 

maintaining effective therapeutic levels over an 

extended period while minimizing the frequency of 

dosing. Drugs may be cleared from the eye via two 

primary routes: the anterior pathway where drugs 

move into the aqueous humor and are drained 
through the trabecular meshwork and through the 

posterior route. These elimination pathways further 

complicate sustained drug delivery to the posterior 

segment [9]. 

 

BARRIERS OF OCULAR DRUG DELIVERY 

SYSTEMS 

Precorneal Barriers 

i. Volume of Cul‑de‑sac 
The cul-de-sac refers to the shallow space located 

in the lower eyelid, where the palpebral and bulbar 

conjunctiva converge, and also includes a deeper 

recess within the upper eyelid. ocular conditions 

such as inflammation or allergic reactions can 

reduce the volume capacity of the cul-de-sac [10]. 

ii. Loss of drug from lacrimal fluid 

Currently one of the primary challenges in the 

ocular drug delivery is the rapid drainage of 
administered ocular solutions. Drug loss from the 

tear film may occur due to reflex tearing, solution 

outflow, and absorption by the conjunctiva that 

does not contribute to therapeutic effect. 

Furthermore, enzymatic metabolism and protein 

binding within the tear film can further limit the 

amount of drug available for effective absorption 

[11]. 

 

Corneal barriers 

The corneal region acts as a protective membrane 
barrier against so many chemical and mechanical 

reactions while at the same time also playing a 

crucial role in focusing light in to the retina. The 

epithelial layer in the cornea consists five to seven 

tightly joined cell layers, serving as a primary 

barrier to hydrophilic drugs and large molecular 

compounds. The stroma, a dense, water-rich layer, 

restricts the penetration of lipophilic substances. 
The endothelium maintains corneal transparency 

and facilitates the selective passage of hydrophilic 

drugs and macromolecules into the aqueous 

humor. Overall, factors such as molecular weight, 

charge, ionization state, and Lipophilicity 

significantly affect corneal drug permeability. 

Consequently,trans-corneal transport is considered 

the rate-limiting step in the movement of drugs 

from the tear film into the aqueous humor [12]. 

 

Blood ocular barriers 

The BAB, located in the front part of the eye, 
regulates the internal ocular environment by 

limiting the entry of many substances. It 

selectively permits small, lipophilic drugs to pass 

through, which are typically cleared from the 

anterior chamber more rapidly than larger, water- 

soluble molecules. The BRB is found in the back 

portion of the eye and is consists of retinal 

endothelial cells and retinal pigment epithelial 

cells. Its major role is to protect the retina from 

harmful agents, including water and various 

plasma components [13]. 
 

ROUTES FOR OCULAR DRUG DELIVERY 

1. Topical administration 

Topical application is the most widely used 

method for delivering drugs to the eye, accounting 

for over 95% of commercially available ocular 

formulations [14]. While it is a non- invasive 

approach, its effectiveness is limited by poor 

bioavailability—typically less than 5%—due to 
inadequate corneal penetration and a short duration 

of contact with the eye surface [15]. Additional 

factors such as tear production, blinking, and drug 

drainage into the systemic circulation via the 

nasolacrimal duct further reduce drug absorption. 

As a result, higher and more frequent dosing is 

often required, which can lead to adverse side 

effects and may negatively impact patient 

adherence to the treatment regimen[15][12]. 

 

2. Intracameral injections 

Intracameral injections refer to the direct 

administration of antibiotics into the anterior 

chamber or vitreous body of the eye. This 

procedure is commonly performed following 

cataract surgery as a preventive measure against 

endophthalmitis, an infection that can develop 

postoperatively [16]. 

 

3. Intravitreal injections 

Intravitrealinjection focuses administering 

medication straight into the vitreous humor which 

is near to the retina at the back of the eye. A novel 
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strategy for managing glaucoma includes a single 

injection of microspheres composed of vitamin E 

and poly (lactic-co-glycolic acid), encapsulating 

glial cell line-derived neurotropic factor. This 

method achieved sustained drug release for up to 
six months. Comparable outcomes were observed 

with intravitreal delivery of polymer-free 

dexamethasone dimer implants [17]. 

 

4. Retro bulbar route 

This route delivers the medication by the insertion 

of a needle through the eyelid and orbital fascia, 

placing the drug directly into the gap behind the 

eyeball. Administering amphotericin B via retro 
bulbar injection has demonstrated greater 

antifungal effectiveness compared to intravenous 

delivery [18]. Chlorpromazine is administered via 

retro bulbar injection as a treatment option for 

relieving pain in blind, non-seeing eyes [19]. To 

manage macular oedema resulting from retinal 

vein occlusion, triamcinolone can be administered 

via the retro bulbar route [20]. 

 

5. Subconjunctival injection 

In the management of uveitis, steroids formulated 

in pegylated liposomes and administered via 

Subconjunctival injection have demonstrated 

prolonged anti-inflammatory effects and targeted 

delivery to ocular tissues for at least one month 

[21]. The use of Subconjunctival injections to 

deliver brinzolamide encapsulated in PLGA 

nanoparticles effectively managed intraocular 

pressure for up to 10 days [22]. Subconjunctival 

injection of human mesenchymal stromal cells 

significantly reduced corneal inflammation and 
squamous metaplasia in mice affected by graft-

versus-host disease [23]. 

 

6. Juxta scleral injections 

Juxtascleral injections are employed to address 

certain conditions affecting the posterior segment 

of the eye that are not responsive to traditional 

topical treatments. This method is utilized in 
managing cystoid macular oedema, ocular trauma, 

and diabetic-related eye diseases. A novel therapy 

for age-related macular degeneration (AMD) 

involves juxtascleral delivery of anecortave 

cortisone, which has demonstrated sustained 

release within the choroid and retina for up to six 

months. Additionally, advanced trans-scleral micro 

needles have been developed to deliver adeno-

associated viruses for gene therapy targeting retinal 

disorders [24]. 

 

7. Irrigated eye solutions 

These solutions are prepared aseptically and do not 

contain preservatives. Surgeons use them as 

balanced salts to remove blood and cellular debris 

while maintaining proper hydration within the eye 

[25]. Examples include adding ketorolac (0.3% 

w/v) and phenylephrine (1% w/v) to irrigation 

fluids helps reduce the duration of cataract surgery 

and prevents pupil constriction [26]. 

 

8. Iontophoresis 

This type of drug delivery technique which 

utilizes, electric voltage gradient to facilitate the 

movement of medication into the posterior part of 

the eye, bypassing barriers that limits drug 

penetration. These innovative systems have 

demonstrated the ability to deliver approximately 

twice the amount of therapeutic agents to the 

posterior ocular tissues compared to traditional 

suprachoroidal injection methods, potentially 
improving treatment outcomes for retinal and 

choroidal diseases [27]. Combining iontophoresis 

drug delivery with contact lens technology has 

significantly enhanced the efficiency of ocular 

drug administration, achieving drug uptake into the 

choroidal capillaries 550 to 1300 times faster than 

conventional methods. Additionally, short-duration 

iontophoresis using an acyclovir prodrug has been 

shown to substantially improve both drug 

permeation and bioavailability, offering a 

promising strategy for enhancing ocular drug 

delivery to posterior segment tissues [28]. 
 

TOPICAL OPHTHALMIC DRUG FORMS 

Liquid Ophthalmic Drug Forms 

a) Eye Drops 

These formulations are isotonic and sterile 

solutions of pH with 7.4. When determining 

whether to buffer the drug, it's important to 

consider both the chemical stability of the active 

compound and how well the eye tissue can tolerate 
the formulation. If the pH falls outside the 4 to 8 

range which is generally acceptable for ocular use 

it can lead to discomfort, irritation, and potentially 

reduced drug effectiveness due to increased tear 

production [29]. 

 

b) Ophthalmic solutions 

They are sterile, water-based preparations 
commonly used for purposes such as washing and 

rinsing the eyes. These solutions may include 

excipients to help adjust properties like ph, 

osmolality, and viscosity. When packaged for 

multiple uses, preservatives are often added to 

maintain sterility over time [30]. 

 

c) Micro emulsions 

They are considered a promising option for drug 
delivery due to their low production cost, ease of 

sterilization, and high stability. The mechanism 

works by allowing the Nano droplets, which act as 

a drug reservoir along with the internal phase of 

the micro emulsion, to adhere to the corneal 

surface, thereby minimizing drug loss due to 

overflow[31]. Micro emulsion formulations have 

been developed for several active compounds, 
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including difluprednate [32], cyclosporine A [33], 

flurbiprofen axetil and a flurbiprofen prodrug [34]. 

 

d) Prodrugs 

A prodrug is a strategy used to enhance corneal 

permeability. Prodrugs have been developed for 

several ophthalmic agents, including epinephrine, 

phenylephrine, timolol, and pilocarpine. Example 

includes dipivefrine, a diester formed from 

epinephrine and pivalic acid exhibits a 17 times 

increase in corneal permeability when compared to 

epinephrine. This improvement is largely due to its 

significantly greater Lipophilicity (approximately 

600 times higher) at pH 7.2. [35]. 
 

e) Cyclodextrin 

Cyclodextrin are ring-shaped oligosaccharides that 

can form inclusion complexes with active 

pharmaceutical ingredients, enhancing the water 

solubility of poorly soluble, hydrophobic drugs 

without altering their molecular structure. These 

compounds act as carriers, keeping hydrophobic 

drugs dissolved and facilitating their delivery to 
biological membranes. For ophthalmic 

applications, achieving effective drug 

bioavailability typically requires cyclodextrin 

concentrations below 15% in aqueous eye drop 

formulations [36]. The most commonly used type 

for ocular delivery is 2-hydroxypropyl-β-

cyclodextrin, known for being non-irritating [37]. 

 

Semisolid Ophthalmic Drug Forms 

a) In Situ Gels (Sol-to-Gel Systems) 

In situ gels are liquid formulations that can 

transform into a gel upon exposure to certain 

external stimuli such as changes in pH, 

temperature, or the presence of specific ions. This 

transformation helps reduce the rate at which the 

drug is washed away from the eye’s surface, 

thereby enhancing the bioavailability of the active 

compound. Polymers commonly used in these 

systems include gellan gum, poloxamer, Carbapol, 

HPMC, chitosan and cellulose acetate phthalate. 
Research into in situ gels has explored their use 

with various active ingredients, such as 

ciprofloxacin hydrochloride, timolol maleate, 

fluconazole, ganciclovir, and pilocarpine [29] 

[31] [36]. 

 

b) Eye Ointments 

Ophthalmic ointments are semisolid preparations 

intended for external application, typically made 
from a hydrocarbon base that melts or softens at 

temperatures close to that of the human body. 

Once applied, the ointment breaks down into small 

droplets that remain in the conjunctival sac for an 

extended period, helping to enhance the drug’s 

bioavailability. [29]. 

 

Solid Ophthalmic Drug Forms 

a) Drug-Loaded Contact Lenses 

Contact lenses can serve as drug delivery systems 

by absorbing water-soluble medications on their 
surface, which are then gradually released onto the 

eye over an extended period. The most commonly 

used material for manufacturing these lenses was 

cross-linked poly (2- hydroxyethyl methacrylate), 

in combination with small quantity of ethylene 

glycol di methacrylate [54]. More recently, 

research has focused on developing lenses made 

from silicone-based materials. Drugs that have 

been studied for release from contact lenses 

include timolol, ciprofloxacin, dexamethasone, and 

cyclosporine [61]. 
 

b) Ocular inserts 

Ocular inserts are solid or semisolid drug delivery 

systems that offer significant advantages over 

traditional ophthalmic formulations. Unlike 

conventional eye drops, they are less affected by 

natural eye defence mechanisms such as drainage 

through the nasolacrimal duct. These inserts 

remain in the conjunctival sac for extended periods 
and exhibit improved stability. Key benefits 

include precise dosing, the ability to release 

medication at a consistent rate over time, and 

reduced systemic absorption [62]. Ocular insert, 

composed of a copolymer made from ethylene 

and vinyl acetate, and delivers pilocarpine as the 

active agent [29] [31] [40]. 

 

Soluble Ophthalmic Drug Inserts (SODI) 

They are oval-shaped, small wafer like inserts 

which dissolve in the eye. They consist of 

materials such as acrylamide, N-vinylpyrrolidone, 
and ethyl acrylate. Once it placed in the 

conjunctival sac, they get hydrated by the tear 

fluid, causing them to soften and adhere to the 

surface of the eye. This dosage form was initially 

created for use by astronauts in zero-gravity 

environments. SODI release medication in an 

intermittent, uncontrolled manner but provide an 

extended duration of action. Various active 

pharmaceutical ingredients investigated for use in 

SODI systems include neomycin, kanamycin, 

atropine and pilocarpine [41] [42]. 

 

Minidiscs 

Minidiscs, a kind of Ocular Therapeutic System, 

which are specialized drug delivery systems 

designed to similar to that contact lenses with a 

convex exterior and a concave inner surface that 

conforms to the eye. These tiny discs, typically 4-5 

mm in diameter, are formulated using key 

copolymers such as α-ω-bis (4-methacryloxy)-

butyl poly (dimethylsiloxane) and poly 

(hydroxyethyl methacrylate). They can be either 
hydrophilic or hydrophobic, allowing for 

controlled and prolonged drug release [40] [43]. 
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Artificial Tear Inserts 

Artificial Tear Inserts are long, rod-shaped pellets 

made from hydroxypropyl cellulose and free of 

preservatives. Marketed under the brand name 

Lacrisert, they are used to manage dry eye 
syndrome. Once it is placed in the conjunctival sac, 

they absorb moisture from the surrounding tissues 

and forms a hydrophilic layer that helps maintain 

the tear film and keeps the cornea hydrated [31]. 

 

Collagen Shield 

These drug delivery systems are derived from 

porcine scleral tissue, in which its collagen closely 

resembles to human cornea. Shields are stored in 

hydrated and dried forms before application to the 

eye [31]. Studies conducted on both animals and 

humans have demonstrated that these shields can 
serve as drug delivery systems for medications 

such as gentamicin (an antibiotic), 

dexamethasone (an anti-inflammatory), and 

antiviral agents. 

Compared to traditional eye drops and contact 

lenses, collagen shields have shown the ability to 

deliver higher concentrations of medication to the 

cornea and aqueous humor [31] [43]. 

 

New Ophthalmic Delivery System (NODS) 

It consists of solid paper-like handle connected to a 
polyvinyl alcohol "flag" that contains the active 

drug. This flag is then attached to the handle using 

a membrane that dissolves in fluid. When the 

device is placed in the conjunctival sac the drug-

part film seperates from the handle and get 

dissolves in tear film releasing the medication. 

This delivery system enables precise dosing 

directly to the eye and significantly enhances the 

drug’s bioavailability—up to eight times higher 

than traditional eye drops in the case of 

pilocarpine. Known as NODS, this system is 

preservative-free and sterilized using gamma 
radiation [44- 46]. 

 

Mini tablets 

Mini tablets are solid, biodegradable drug delivery 

systems that, once placed in the conjunctival sac, 

transform into a gel. This gel formation prolongs 

the contact time between the drug and the eye’s 

surface, thereby enhancing the bioavailability of 

the active ingredient [47, 49]. Their formulation, 

often containing mucoadhesive polymers, allows 

for extended contact with the corneal surface [48, 
49]. The formulation of Minitablets intended for 

ocular application commonly utilizes various 

polymers, particularly cellulose-based derivatives 

such as hydroxypropyl methylcellulose (HPMC), 

hydroxyethyl cellulose (HEC), sodium 

carboxymethyl cellulose, and ethyl cellulose. Other 

frequently used materials include acrylate 

polymers like polyacrylic acid and its cross-linked 

variants (e.g., Carbapol or Carbomer), chitosan, 

and starches such as drum-dried waxy maize 

starch. These formulations are often supplemented 

with excipients like mannitol, which acts as a 

solubilizing agent, as well as lubricants such as 

sodium stearyl fumarate and magnesium stearate. 
Minitablets are typically produced through either 

direct compression or an indirect process, which 

involves compressing preformed granules. The 

indirect approach offers the benefit of a dry 

granulation step that improves powder flow ability 

especially important when working with bio 

adhesive polymers and facilitates production 

beyond the laboratory scale. Active pharmaceutical 

ingredients used in ocular Minitablets include 

piroxicam, timolol, ciprofloxacin, gentamicin [47-

51]. 

 

Multi compartment Drug Delivery Systems 

Nanoparticles and Micro particles 

Polymeric solid-based multi compartment drug 

delivery systems represent a promising approach 

for ocular administration. These systems can be 

categorized based on the size of the polymeric 

carriers: nanoparticles, typically ranging from 10 

nm to 1000 nm and micro particles, which for 

ocular use usually range in size from 1 to 5 micro 

meters[29][31]. Nanoparticles are polymer-based 

carriers constructed using biodegradable and 
biocompatible materials, which may be either 

natural or synthetic in origin. These carriers often 

possess mucoadhesive characteristics [52-54]. 

 

For ocular delivery applications, various materials 

have been utilized in the formulation of these 

systems, including Poly (Alkyl Cyanoacrylate), 

Polylactic Acid, Poly (Ε- Caprolactone), Poly 

(Lactic-Co-Glycolic Acid), Chitosan, Gelatin, 

Sodium Alginate, and Albumin. These Nano 

particulate systems are typically categorized into 

two types: Nano spheres, which are solid, dense 
polymer matrices where the drug is uniformly 

dispersed; and Nano capsules, which function as 

reservoirs, enclosing the drug either in solid or 

liquid form within a polymeric shell [53-55]. Once 

Nano spheres or Nano capsules are administered 

into the conjunctival sac, drug absorption occurs 

either through diffusion or as a result of polymer 

degradation [29]. 

 

Liposomes 

The effectiveness of active ingredient delivery via 
liposomes is influenced by several factors, 

including their encapsulation efficiency, size, 

surface charge, stability within the conjunctival 

sac, and interaction with the corneal surface [54]. 

Positively charged liposomes tend to adhere more 

strongly to the negatively charged corneal 

epithelium and conjunctival mucin compared to 

their neutral or negatively charged counterparts. 

This enhanced interaction helps prolong the 
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retention time of the active compound at the 

application site [55]. To improve the adhesion of 

neutral and negatively charged liposomes, 

strategies such as incorporating them into 

mucoadhesive gels or coating them with 
mucoadhesive polymers have been suggested. 

Liposomal formulations have been explored for 

ocular delivery of drugs such as acyclovir, 

pilocarpine, acetazolamide, chloramphenicol [56] 

and ciprofloxacin [57]. 

 

Dendrimers 

Dendrimers are largely fanned, globular, 

monodisperse, three- dimensional polymer 

structures characterized by specific size, shape, and 

molecular mass ( 57- 58). They can serve as 

carriers by recapitulating active constituents within 
their polymer matrix or forming electrostatic or 

covalent bonds with face- bound medicines due to 

the presence of multitudinous functional groups 

similar as carboxyl, hydroxyl, and amine groups. 

PolyAMidoAMine( PAMAM) in dendrimers, are 

used as carriers for ophthalmic medicines, dragging 

the duration of active component's efficacy and 

improves their bioavailability. Studies have shown 

that PAMAM, used as carriers for ophthalmic 

medicines, can extend the duration of active 

constituents' efficacy and enhance the 
bioavailability. The enhanced bioavailability of 

such substances after the incooperation to eye may 

be attributed to the encapsulation of the medicine 

within these structures, results in slower release of 

the active constituents ( 58- 59). 

 

REVOLUTIONIZING THE EFFECT OF 

INSITU ACTIVATED OPHTHALMIC GELS 

A SMART APPROACH TO OCULAR DRUG 

DELIVERY 

Conventional eye drops often face challenges in 

maintaining effective drug concentrations in the 
eye due to rapid precorneal drainage and the natural 

blinking reflex. These factors can lead to 

diminished drug retention and reduced therapeutic 

efficacy. Additionally, while eye ointments can 

enhance drug retention, they may cause temporary 

blurred vision, potentially affecting patient 

adherence to treatment regimens. Therefore, 

developing advanced drug delivery systems that 

improve ocular bioavailability without 

compromising visual clarity is essential for 

effective eye care [60-61]. 
 

Effective ocular drug delivery is hindered by 

several physiological barriers, including the limited 

volume of the conjunctival sac, rapid precorneal 

drainage, nasolacrimal drainage, and dilution by 

tear fluid. These factors contribute to the low 

ocular bioavailability and short duration of action 

of conventional topical formulations such as 

solutions and suspensions. Additionally, the cornea 

presents a significant obstacle to drug permeation 

due to its tight epithelial junctions, which restrict 

Para cellular transport and limit the absorption of 

therapeutic agents[62-63]. 

 

Insitu gels 

In situ gelling systems are innovative ophthalmic 

formulations that, upon ocular administration, 

transition from a free-flowing liquid to a gel 

under physiological conditions such as changes in 

temperature, pH, or ionic strength. This 

transformation enhances the residence time of the 

drug on the ocular surface, thereby improving 

bioavailability and therapeutic efficacy. The 

polymers used in these systems often exhibit 

pseudo plastic behaviour, meaning their viscosity 

decreases under shear stress such as during 
blinking allowing the formulation to spread 

uniformly across the eye surface. Consequently, in 

situ gels serve as effective vehicles for sustained 

drug delivery, offering advantages over 

conventional eye drops and ointments by 

prolonging drug contact time without 

compromising visual clarity [64]. 

 

Fig 2 : MDPI* 

 

According to the mechanism sol-to-gel 

transformation on the ocular surface, in situ gel 

systems can be classified as follows: 

 

•PH-sensitive systems—utilizing agents such as 

cellulose acetate phthalate (CAP) latex, Carbapol, 

polymethacrylic acid (PMMA), polyethylene 

glycol (PEG), and pseudo latexes. 
 

•Thermo sensitive systems—involving materials 

like chitosan, pluronics, tetronics, xyloglucans, 

and hydroxypropyl methylcellulose (HPMC). 

 

• Ion-activated systems—which undergo gelation 

through osmotic induction, using substances such 

as Gelrite, gellan gum, hyaluronic acid, and 

alginates. 

 

Procedure 

Initially, buffer salts are dissolved in 75 mL of 
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purified water. To this solution, Methocel K4M or 

k15M is added and allowed to hydrate fully. 

Subsequently, Carbapol® 940 is gradually 

incorporated into the mixture and permitted to 

hydrate overnight. The solution is then stirred 
using an overhead stirrer. In a separate container, 

drug is dissolved in purified water, followed by the 

addition of benzalkonium chloride (BKC) as a 

preservative. This drug solution is then filtered 

through a 0.2-µm cellulose acetate membrane filter 

to ensure sterility. The filtered drug solution is 

combined with the Carbapol-HPMC mixture under 

constant stirring until a homogeneous solution is 

achieved. Purified water is added to adjust the final 

volume to 100 ml. The prepared formulations are 

transferred into 5-mL amber glass vials, sealed 

with gray butyl rubber stoppers, and secured with 
aluminum caps. To ensure sterility, the final 

product undergoes terminal sterilization by 

autoclaving at 121°C and 15 psi for 20 minutes. 

 

The gelling ability of prepared formulation was 

measured by introducing 100 µL of the 

formulation into a vial containing 2 mL of freshly 

made artificial tear fluid (ATF), which equilibrated 

at body temperature 37°C. The composition of the 

ATF used was sodium chloride (0.670 g), sodium 

bicarbonate (0.200 g), calcium chloride•2H₂O 
(0.008 g), and purified water to make up 100.0 g. 

Viscosity measurements were conducted using a 

Brookfield Synchrolectric viscometer (RVT 

model) equipped with a small volume adapter. The 

viscosity measured rpm [65]. 

 

Mechanism of gelling system 

In-situ gel formation can be initiated through 

various mechanisms, such as changes in 

temperature, pH levels, or ionic concentrations. 

Thermo sensitive systems rely on polymers that 

remain in liquid form below their lower critical 
solution temperature (LCST) but transform into a 

gel as the temperature rises to or surpasses the 

LCST. PH-sensitive gels involve polymers with 

acidic or basic groups in their structure that 

respond to shifts in environmental pH, typically 

forming gels as the pH increases. Ion-sensitive 

gels, sometimes referred to as Osmotically 

triggered systems, respond to the presence of 

cations like sodium (Na⁺), calcium (Ca²⁺), and 

magnesium (Mg²⁺) found in tear fluid, which 

induce gelation by altering the ionic environment. 
Additional gelation triggers include enzymatic 

reactions and light-activated polymerization [66]. 

 

PH-sensitive in situ gelling systems 

pH-sensitive in situ gelling systems are widely 

utilized in ocular drug delivery due to their ability 

to undergo sol-to-gel transitions in response to pH 

changes, thereby enhancing drug residence time 

and bioavailability. For instance, polyacrylic acid 

(Carbapol® 940) serves as a gelling agent, while 

hydroxypropyl methylcellulose (HPMC K4M 

&K15M) acts as a viscosity enhancer. This 

combination results in formulations that are 

therapeutically effective, stable, non-irritant, and 
provide sustained drug release over extended 

periods compared to conventional eye drops. 

Another example includes cellulose acetate 

phthalate (CAP), a polymer that remains in 

solution at an acidic pH (approximately 4.5) and 

undergoes gelation when exposed to the neutral pH 

of tear fluid (around 7.4). This pH-triggered 

gelation mechanism facilitates prolonged ocular 

drug delivery, although the initial low pH may 

cause transient discomfort. These pH-sensitive in 

situ gelling systems offer significant advantages in 

ocular drug delivery, including improved drug 
bioavailability, reduced dosing frequency, and 

enhanced patient compliance [67-68]. 

 

Temperature triggered system 

Thermo sensitive in situ gels are designed to utilize 

Poloxamer as a vehicle for ophthalmic drug 

delivery, capitalizing on its sol-to-gel transition 

properties. The gel forming temperature of graft 

copolymers can be fixed by assessing temperature 

at which immobility of the meniscus in each 

solution is noted first. For instance, Poloxamer 407 
(Pluronic F127®), a polyoxyethylene-

polyoxypropylene block copolymer, exhibits a 

solution viscosity that increases when its 

temperature is raised to the eye's temperature [69-

70] 

 

Ion-activated in situ gelling system 

Ion-activated in situ gelation utilizes alginate 

(Kelton) as the primary gelling agent, combined 

with HPMC (Methocel E50Lv) to enhance 

viscosity. Gelrite, known for forming gels in 

response to mono- or divalent cations naturally 
present in tear fluid, can be used independently or 

in combination with sodium alginate for 

ophthalmic formulations [71-72]. 

 

EVALUATION TESTS FOR INSITU 

ACTIVATED OPHTHALMIC GELLING 

SYSTEMS 

Physical parameters 

The in situ gel formulation was evaluated based on 

its physical characteristics, including transparency, 

pH level, gel-forming ability, and drug content 
analysis. 

 

Estimation of gelling capacity 

A drop of the formulation is added to a vial 

containing 2.0 ml of freshly prepared simulated 

tear fluid. The formation of the gel is then visually 

observed, and required time for gelation is 

recorded [67-73]. 
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Rheological evaluation 

Viscosity of formulations was determined using 

instruments such as Brookfield Viscometer and 

Cone and Plate Viscometer. Samples were 

introduced into the viscometer's sampling tube for 
measurement. According to previous studies, 

formulations should exhibit a viscosity range of 5 

to 1000 mpas prior to gelation, while post-gelation 

upon activation by ions in the ocular environment 

viscosity should increase significantly, ranging 

between approximately 50 and 50,000 mpas. 

Measurements were carried out at both ambient 

temperature (25°C) and physiological temperature 

(37°C ± 0.5°C), maintained using a circulating 

water bath connected to the viscometer. During 

testing, spindle angular velocity was varied 

incrementally at speeds of 20, 30, 50, 60, 100, and 
200 rpm. The results indicated that all formulations 

demonstrated Newtonian flow behaviour before 

gel formation, and exhibited pseudo plastic 

characteristics after gelation in simulated tear 

fluid[74-75]. 

 

In Vitro Drug Release Studies 

The in vitro release profile formulation can 

evaluated by using Franz diffusion cell. At the 

donor compartment, the gel s placed and receptor 

compartment was filled with freshly formulated 
simulated tear fluid (STF). A dialysis membrane 

with a pore size of 0.22 μm was positioned 

between the two compartments. The entire setup 

was maintained on a thermostatically controlled 

magnetic stirrer, with the temperature stabilized at 

37°C ± 0.5°C. At regular intervals of one hour 

over a six-hour period, 1 ml of the receptor 

medium was withdrawn and immediately replaced 

with an equal volume of fresh medium to maintain 

sink conditions. Each collected sample was diluted 

to 10 ml using the appropriate solvent in a 

volumetric flask and analysed using a UV 
spectrophotometer at the relevant wavelength, 

employing a reagent blank for baseline correction. 

Drug concentration was calculated using a standard 

calibration curve, and the percentage of 

cumulative drug release (%CDR) was 

determined. The release data were further analysed 

using mathematical models to identify the best fit, 

including the Korsmeyer–Pappas model and 

Fickian diffusion mechanisms, to understand the 

kinetics of drug release [67]. 

 

Texture analysis 

The in situ gel's formulation parameters, firmness, 

and bio adhesiveness was measured by usage of a 

texture profile analyzer, which primarily asses the 

strength of the gel and the ease of invivo 

application A higher degree of adhesiveness is 

desirable to ensure prolonged contact with the 

mucosal surface [76]. 

Evaluation of Isotonicity 

Maintaining Isotonicity is a crucial aspect of 

ophthalmic formulations, as it helps prevent 

irritation and potential damage to ocular tissues. 

Therefore, all such preparations undergo 

Isotonicity testing to ensure they meet the required 
standards for drug release, gelling properties, and 

viscosity. In this evaluation, the formulations are 

combined with a few drops of blood and examined 

microscopically at 45X magnification, with the 

results compared against a commercially available 

ophthalmic product [77]. 

 

Drug-Polymer Interaction and Thermal 

Characterization 

Fourier Transform Infrared (FTIR) spectroscopy is 

commonly used to assess potential interactions 

between drugs and polymers. The KBr pellet 
method enables identification of the types of 

bonding or interactions that occur during the 

gelation process. Thermal analysis techniques such 

as Thermogravimetric Analysis (TGA) can be 

applied to in situ forming polymer systems to 

determine the water content in hydrogels. 

Additionally, Differential Scanning Calorimetry 

(DSC) is utilized to detect any thermal behaviours 

changes by comparing the thermo grams of 

formulations with those of the pure active 

pharmaceutical ingredients [76]. 
 

Ocular irritation test 

The Draize test is utilized to assess the potential 

for ocular irritation of ophthalmic products before 

they are released to the market. In this irritation 

study test, 100 μl of the test sample is applied to 

the lower portion of the conjunctival sac of rabbit 

eye. Observations are made at specific intervals 1 

hour, 24 hours, 48 hours, 72 hours, and one week 

post-application. 

 

The study uses three male rabbits weighing 
between 1.5 and 2 kg. The sterile formulation is 

administered 2 times daily for seven days. 

Following this, a cross-over study is conducted, 

with a three-day washout period using saline 

between phases. Throughout the study, the rabbits 

are regularly monitored for signs of irritation such 

as redness, swelling, and excessive tearing [78- 

79]. 

 

Accelerated Stability Studies 

For short-term accelerated stability testing, 
formulations are stored in amber-colored vials 

sealed with aluminum foil and kept at 40 ± 2 °C 

and 75 ± 5% relative humidity, following the 

guidelines set by the International Conference on 

Harmonisation (ICH). At monthly intervals, 

samples are evaluated for various parameters 

including clarity, pH, gelling ability, drug content, 

rheological properties, and in vitro drug release 

[77]. 
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CONCLUSION: 

The field of ophthalmic drug delivery is rapidly 

evolving, presenting researchers with numerous 

challenges in overcoming limitations associated 
with ocular drug administration. Advances in the 

understanding of ocular pharmacokinetics and drug 

absorption, combined with progress in formulation 

technologies, have significantly improved the 

effectiveness of ophthalmic delivery systems. A 

key goal in developing controlled-release 

formulations is enhancing patient adherence to 

treatment, which in situ gelling systems 

successfully address. These polymer-based gels 

offer several benefits over traditional eye drops, 

including sustained drug release, improved 

stability, and favourable biocompatibility. The use 
of biodegradable and water-soluble polymers 

further enhances the safety and acceptability of 

these formulations. In situ gels, which transform 

into a gel upon administration, are particularly 

advantageous due to their ease of application as 

eye drops and their minimal interference with 

vision. Additionally, they provide more consistent 

drug release than conventional liquid formulations. 

Such systems are increasingly employed in the 

treatment of conditions like Glaucoma, Dry eye 

syndrome, Sjögren’s syndrome, Age-Related 
Macular Degeneration (ARMD), and Trachoma. 
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