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Alzheimer's disease (AD) is a progressive neurodegenerative disorder marked by cognitive decline, amyloid-� 

plaque deposition, tau hyperphosphorylation, and neuronal loss. It primarily affects the elderly and represents 

a growing global health burden. Current treatments, including cholinesterase inhibitors and NMDA receptor 

antagonists, provide only symptomatic relief  and do not halt disease progression. Furthermore, frequent oral 

dosing often leads to poor patient adherence and fluctuating plasma drug levels, limiting therapeutic 

effectiveness. To address these challenges, advanced drug delivery systems have been explored to improve 

treatment consistency and patient compliance. Among them, long-acting injectable (LAI) formulations, 

particularly in situ forming implants (ISFIs), have gained considerable attention. ISFIs are typically 

composed of  biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA) dissolved in 

biocompatible solvents. Upon administration, these systems undergo phase inversion triggered by solvent 

exchange with physiological fluids, resulting in the formation of  a solid depot at the injection site. This depot 

enables sustained and controlled drug release over extended periods, reducing dosing frequency and 

improving therapeutic stability. Despite these advantages, burst release during the initial phase inversion 

remains a critical limitation, potentially leading to transient drug overexposure and reduced long-term 

efficacy. This review discusses the pathophysiology of  AD, the rationale for long-acting delivery approaches, 

and recent advances in ISFI technology, with emphasis on formulation strategies to control burst release and 

enhance therapeutic outcomes in Alzheimer's disease management. 
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1. Introduction: 
A l z h e i m e r ' s  d i s e a s e ,  a  p r o g r e s s i v e 

neurodegenerative disorder, is the leading cause of  

dementia, primarily affecting older adults. 

Characterized by memory loss, cognitive decline, 

and behavioural changes, it currently has no cure[1]. 

Around 50 -75% of  people with dementia have 

Alzheimer's. As per the statistical data collected 

worldwide, females are more prone to AD than 

males, and the risk increases even more with age. 

People with cardiovascular diseases, hypertension, 

and diabetes are also at higher risk of  having AD 

later. This probably is the leading cause of  increased 

AD cases in developing countries, owing to people's 

lifestyle. Early stage of  AD is characterized by 

dementia, confusion, impaired communication, 

poor judgement, disorientation, and behavior 

changes [2]. Subsequently patients fail to perform 

daily activities resulting in increased dependence on 

caregiver and in severe cases require 24h 

surveillance. As the AD progresses, additional 

regions in the brain are damaged. Controls of  several 

normal physiological functions are lost which then 

https://Pharmavision.ves.ac.in

PHARMA VISION: RESEARCH AND REVIEWS

ADVANCES IN IN SITU FORMING IMPLANTS FOR ALZHEIMER’S DISEASE: 

STRATEGIES TO CONTROL BURST RELEASE AND 

ENHANCE THERAPEUTIC OUTCOMES

A B S T R A C T

ISSN:	3049-379X	(Print)	

Article History

Received: January 2026 | Accepted: February 2026 | Published : March 2026



leads to death. Moreover, the burden of  AD 

continues to rise and is projected to triple by 2050 [3].

Alzheimer's disease is commonly managed using 

various treatment options, including oral tablets that 

help alleviate symptoms and improve cognitive 

function. However, these oral therapies often require 

frequent administration, which can lead to 

challenges in patient compliance, especially in older 

adults [4]. In this context, long-acting injectables 

(LAIs) present a promising alternative by offering 

sustained drug release over an extended period. By 

reducing the need for daily dosing, LAIs improve 

treatment adherence, ensure more consistent drug 

levels, and potentially enhance therapeutic outcomes 

[5,6]. The major challenges in the development and 

formulation of  long-acting injectables (LAIs) 

include achieving a predictable and consistent drug 

release profile over an extended period is difficult. 

The release needs to be sustained without causing a 

burst release in the initial phase or too slow a release 

that would fail to maintain therapeutic efficacy [4,7]. 

2. Causes of Alzheimer's Disease 

A l z h e i m e r ' s  d i s e a s e  i s  a  i n c r e a s i n g 

neurodegenerative disorder that develops due to a 

combination of  genetic, environmental, and lifestyle 

factors that affect the brain over time. Certain factors 

are known to increase the risk of  developing the 

disease, although they do not directly cause it 

[8,9].The characteristics that increase the risk of  

Alzheimer's disease are listed in  Figure 1. 

Figure 1: Causes of Alzheimer's Disease

3. Pathogenesis of Alzheimer's Disease 

A l z h e i m e r ' s  d i s e a s e  ( A D )  i s  a  p r o g r e s s i v e 

neurodegenerative disorder characterized by the 

accumulation of amyloid-beta plaques and tau protein 

tangles, which result in neuronal dysfunction, synaptic loss, 

and cognitive deterioration[10,13]. The pathogenesis of AD 

is a multidimensional process influenced by a combination 

of genetic, environmental, and lifestyle factors, all of which 

contribute to the disruption of critical biological pathways. 

These include the abnormal cleavage of amyloid precursor 

protein (APP), the aggregation of amyloid-beta peptides, 

hyperphosphorylation of tau, neuroinflammation, and 

mitochondrial dysfunction. Genetic mutations in APP, 

PSEN1, and PSEN2, along with the presence of the APOE ε4 

allele, are strongly linked to an increased risk of AD, 

particularly in late-onset cases[11,12,14]. Environmental 

factors such as oxidative stress, cardiovascular diseases, and 

unhealthy lifestyle choices also accelerate disease 

progress ion .  Together,  these  in t r ica te  genet ic , 

environmental, and molecular interactions lead to neuronal 

degeneration, brain atrophy, and cognitive decline, hallmark 

features of Alzheimer's disease. Pathways and molecules 

involved in the pathogenesis of AD are given in Figure 2

Figure 2: Pathways and molecules involved in the 

pathogenesis of AD

4. Treatment of Alzheimer's Disease 
Alzheimer's disease is typically managed using oral 

medications that aim to alleviate symptoms and support 

cognitive function. However, the frequent dosing required 

with these therapies often leads to poor patient adherence, 

particularly in elderly individuals with cognitive 

impairments. This poses a significant challenge, as 
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noncompliance can accelerate disease progression[15,17] To 

address this issue, long-acting parenteral depot formulations 

offer a promising alternative by simplifying the treatment 

regimen and minimizing side effects[16]. Current oral 

therapy, such as daily tablets, is often difficult to maintain 

consistently. In contrast, controlled-release injectable depots 

with extended drug release profiles present a more patient-

friendly approach.

In this context, long-acting injectables (LAIs) present a 

promising alternative by offering sustained drug release over 

an extended period. By reducing the need for daily dosing, 

LAIs improve treatment adherence, ensure more consistent 
18

drug levels, and potentially enhance therapeutic outcomes.  

This review emphasizes the development of long acting 

injectable (LAI) formulations as a promising strategy to 

overcome these limitations, offering enhanced therapeutic 

efficacy, improved patience adherence and greater 

convenience in Alzheimer's disease. The major challenges in 

the development and formulation of long-acting injectables 

(LAIs) include achieving a predictable and consistent drug 

release profile over an extended period is difficult. The 

release needs to be sustained without causing a burst release 

in the initial phase or too slow a release that would fail to 

maintain therapeutic efficacy. 

5. Technologies utilized in the development of 

Long acting Injectables(LAI) 

Long-acting injectable (LAI) technologies including in situ 

forming implants, microparticle-based systems, and 

crystalline hydrophobic drug formulations are generally 

administered as liquid preparations through subcutaneous or 

intramuscular injection. A detailed description of these 

delivery approaches is provided below. 

5.1 In-Situ Forming Implant Systems (ISI)

These advanced drug delivery systems are administered as 

liquid formulations via subcutaneous or intramuscular 

injection, solidifying upon contact with aqueous fluids in the 

body at the injection site. The phase transition occurs through 

a solvent exchange mechanism, where biodegradable 

polymers such as PLGA are dissolved in biocompatible 

solvents. The drug can be incorporated into this polymeric 

solution either in a dissolved form or as a suspension. After 

injection, the organic solvent diffuses into the nearby 

aqueous medium as water enters the polymer matrix. This 

process forms a solid depot, allowing controlled drug release 

over a prolonged period of time[18,21].

5.2 Microparticle Based Systems

These formulations consist of biodegradable polymer-drug 

matrices, typically prepared by encapsulating the drug 

within a polymer such as PLGA to form spherical 

microparticles. The microparticles are suspended in a 

suitable buffer medium for injectable administration. Upon 

injection, they disperse at the site of administration, where 

the polymer gradually undergoes biodegradation, facilitating 

controlled and prolonged drug release. Microspheres 

provide key benefits such as enhanced patient adherence, 

less frequent dosing, and reduced fluctuations between peak 

and trough plasma drug concentrations. Various techniques 

are employed to manufacture these microspheres, such as 

emulsion-solvent evaporation, spray drying, supercritical 

fluid processing, and advanced methods like microfluidics, 

membrane emulsification, and template-assisted fabrication. 

While these approaches allow for customization of particle 

size, drug loading, and release kinetics, they also present 

certain challenges. These include process complexity, 

scalability for industrial production, batch-to-batch 

consistency, stability of both drug and polymer during 

formulation, and stringent sterilization requirements for 

parenteral use. Overcoming these limitations remains a key 

focus in the development of clinically viable long-acting 

injectable microsphere formulations[22].

5.3 Crystalline Hydrophobic Drug Formulations 

Crystalline hydrophobic drug formulations involve the 

dispersion of poorly water-soluble drugs in their crystalline 

form within an appropriate aqueous or buffer-based vehicle. 

These formulations rely on the inherent low solubility and 

slow dissolution rate of the hydrophobic crystalline drug to 

achieve sustained or controlled release after administration. 

Upon injection, the crystalline particles remain at the site of 

administration, gradually dissolving over time and 

maintaining therapeutic drug levels in the systemic 

circulation. This approach eliminates the need for complex 

polymer matrices or encapsulation processes and is 

particularly useful for drugs with high potency and long half-

lives. Crystalline formulations can be optimized by 

controlling particle size, crystal habit, and surface properties 

to fine-tune release kinetics and bioavailability. Moreover, 

stabilizers or surfactants are often added to prevent 

aggregation and ensure uniform dispersion. This strategy has 

shown promise in developing long-acting injectable 
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therapies, particularly for neurological disorders, cancers, 

and hormonal treatments, where consistent plasma levels and 

reduced dosing frequency are desirable[23,24].

 6. Mechanism of In-Situ Forming Implants 

The ISFIs are typically composed of biodegradable 

polymers, such as poly (lactic-co-glycolic acid) (PLGA), 

dissolved in biocompatible organic solvents. Upon injection 

into the body, the organic solvent diffuses into the 

surrounding aqueous environment, while water diffuses into 

the polymer solution[28,29]. This solvent exchange induces 

phase separation, leading to the precipitation of the polymer 

and formation of a solid or semi-solid depot at the injection 

site. As the polymer precipitates, the encapsulated drug 

becomes entrapped within the forming matrix. The initial 

distribution of the drug within the depot can influence the 

subsequent release profile. The drug is released from the 

depot through a combination of diffusion and polymer 
 

degradation mechanisms[29]. Initially, drug release is 

primarily governed by diffusion through the polymer matrix. 

Over time, as the biodegradable polymer undergoes 

hydrolysis, the matrix erodes, facilitating further drug 

release. The rate of polymer degradation and, consequently, 

drug release can be modulated by altering polymer properties 

s u c h  a s  m o l e c u l a r  w e i g h t ,  c o m p o s i t i o n ,  a n d 

crystallinity[30]. . 

Figure 3: Schematic representation of drug release

7. Challenges in the formation of In-situ forming 

implants 

The development of in situ forming implants (ISFIs) presents 

a unique set of formulation challenges due to the dynamic 

interplay between physicochemical properties of the 

components and their biological interactions post-injection.

7.1 Burst Release: A substantial amount of the drug is 

released immediately after  administration.  This 

phenomenon can lead to systemic toxicity and reduce the 

intended sustained-release profile. Burst release often results 

from high drug solubility in the organic solvent, 

accumulation of drug near the implant surface, or rapid 

solvent exchange upon contact with bodily fluids. Strategies 

to minimize burst release include the use of polymeric 

encapsulation, co-solvents, or hydrophobic drug 

modifications[31,33].

7.2 Choice of solvent: The solvent selected plays a crucial 

role in dissolving both the polymer and the drug. Solvents, 

although effective, are associated with local irritation and 

systemic toxicity. Therefore, selecting biocompatible, less 

toxic solvents, or developing solvent-free systems such as 

thermosensitive or pH-sensitive gels, is essential[32].

7.3 Polymer phase inversion and solidification 

behaviour: A major technical challenge is controlling 

polymer phase inversion and solidification behaviour, which 

governs the formation and consistency of the drug depot. The 

Solidification rate relies on polymer molecular weight, 

hydrophilicity, and solvent exchange rate with body fluids. 

Uncontrolled phase inversion can result in implants with 

irregular shapes, compromised structural integrity, and 

unpredictable drug release kinetics[34]. 

7.4 Morphology of the formed implant: The morphology 

of the formed implant also plays a pivotal role; issues like 

variable porosity, inconsistent mechanical strength, and 

depot fragmentation can affect both the pharmacokinetics 

and patient safety. These properties are influenced by the 

polymer composition and the In-vivo environment. 

Therefore, mechanical property testing and water uptake 

studies are commonly employed to optimize depot formation 

and performance. 

7.5 Drug polymer compatibility: Incompatibility can lead 

to drug crystallization, chemical degradation, or unwanted 

interactions with acidic degradation products from 

biodegradable polymers such as PLGA. These factors can 

significantly affect drug stability and bioavailability. 

Comprehensive pre-formulation studies are necessary to 

evaluate drug stability in the polymeric matrix, including 

excipient compatibility screening and stress testing[35]. 

7.6 Sterility and formulation stability: Ensuring sterility 

and formulation stability during manufacturing and storage 

is also a considerable challenge. Sterilization methods such 

as gamma radiation or autoclaving may degrade the drug or 

polymer, while evaporation of solvents during storage can 

alter the formulation properties. To address this, aseptic 

manufacturing processes, sterile filtration, and protective 
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packaging under inert atmospheres are employed. 

7.7 Injectability: Injectability is another practical 

concern. High viscosity formulations are often 

difficult to administer through fine-gauge needles, 

causing pain or improper dosing. Balancing polymer 

concentration, solvent type, and temperature 

conditions is critical to ensure syringeability without 

compromising implant formation or drug 

release[32]. 

7.8 Scale-up considerations: Regulatory and scale-

up considerations present significant challenges. 

Ensuring consistent manufacturing, robust quality 

control, and a clear In vitro In-vivo correlation 

(IVIVC) is crucial for regulatory approval. 

Developers must also address issues of  batch-to-

batch reproducibility and scalability, often regulatory 

and necessitating specialized equipment and 

rigorous process validation procedures[33]. 

8. Burst Release 

Burst release is the rapid initial drug release during 

phase inversion when the polymer solution solidifies 

after injection, often caused by loosely bound drug, 

high drug solubility, and rapid solvent exchange. If  

uncontrolled, it may lead to transient toxicity and 

reduced long-term efficacy, making optimization of  

polymer, solvent, and formulation parameters 

essential in ISFI systems.9. Different methods of 

Preparation of In-situ Forming Implants 

8.1  Factors causing burst release: 

9.1 Solvent induced phase inversion: 

The solvent-induced phase separation method, also 

known as the solvent removal or solvent exchange 

method, is one of  the most widely used and well-

characterized techniques for the preparation of  in 

situ forming implants (ISFIs). This method forms the 

basis of  several commercially approved drug delivery 

systems, such as the Atrigel® system, and is 

particularly effective for long-acting parenteral 

formulations. In this approach, a biodegradable 

polymer such as poly (lactic-co-glycolic acid) 

(PLGA), polylactic acid (PLA), or polycaprolactone 

(PCL) is dissolved in a biocompatible, water-miscible 

organic solvent. The drug, which may be either 

hydrophilic or hydrophobic, is incorporated into this 

solution. Upon subcutaneous or intramuscular 

injection, the organic solvent rapidly diffuses into the 

surrounding aqueous biological environment, while 

water from the tissue fluid diffuses into the 
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formulation. This bidirectional solvent exchange 

leads to a reduction in the polymer's solubility, 

causing it to precipitate or solidify at the site of  

administration. The result is the formation of  a 

depot-like implant, which gradually releases the drug 

over an extended period[37]. 

9.2 Thermally induced Gelation: 

A thermosensitive in situ forming implant was 

prepared by dissolving a thermoresponsive polymer 

in an aqueous medium to form a clear solution. The 

polymer concentration was optimized to ensure that 

the formulation remained a free-flowing liquid at 

r o o m  t e m p e r a t u r e  ( ~ 2 5   ° C ) .  T h e  a c t ive 

pharmaceutical ingredient (API) was then uniformly 

dispersed or dissolved in the polymeric solution. The 

prepared formulation was filled into sterile syringes 

and stored at room temperature. Upon subcutaneous 

or intramuscular administration, the formulation 

encountered body temperature (~37  °C), which 

induced micelle formation and aggregation due to 

enhanced hydrophobic interactions among the 

polymer chains. This resulted in a sol-gel transition at 

the site of  injection, forming a semi-solid implant 

that acted as a drug reservoir. The drug was 

subsequently released in a sustained manner, 

governed by the polymer's composition, molecular 

weight, and the implant's porosity. This system is 

particularly suitable for long-acting delivery in 

cancer therapy, CNS disorders, diabetes, and ocular 

applications[39]. 

9.3 pH sensitive in situ gelling systems: 

A pH-sensitive in situ forming implant was prepared 

using a pH-responsive polymer that remains soluble 

under mildly acidic or basic conditions but undergoes 

gelation or precipitation upon exposure to 

physiological pH (~7.4). The polymer and drug were 

dissolved in an appropriate solvent system, 

maintaining the formulation as a clear or 

homogeneous solution suitable for injection. Upon 

parenteral administration, the formulation comes 

into contact with extracellular fluids, where the pH is 

approximately 7.4. At this pH, the polymer 

undergoes a change in its ionization state, leading to 

a decrease in solubility or an increase in hydrophobic 

interactions. This physicochemical shift triggers 

gelation or phase separation at the site of  injection, 

resulting in the formation of  a localized depot. The 

formed implant entraps the drug and facilitates its 

sustained or controlled release over time, depending 

on the polymer composition and drug properties[40].
 
9.4 Ion activated (Ionic crosslinking) systems: 

An ion-activated in situ forming implant was 

prepared using an anionic natural polymer such as 

sodium alginate or gellan gum, which was dissolved 

in an aqueous medium to form a clear, injectable 

solution. The drug was uniformly incorporated into 

this polymeric solution under gentle stirring. The 

formulation remained in a liquid state at room 

temperature, making it suitable for subcutaneous, 

intramuscular, or mucosal administration. Upon 

injection, the formulation came into contact with 

physiological f luids containing divalent or 

multivalent cations such as calcium (Ca²⁺), 

magnesium (Mg²⁺), or zinc (Zn²⁺). Alternatively, 

slowly soluble calcium salts (e.g., calcium sulfate or 

calcium carbonate) were pre-incorporated to release 

ions gradually post-injection. These cations 

interacted with the carboxylate groups on the 

polymer backbone, triggering ionic crosslinking and 

resulting in the rapid formation of  a hydrogel matrix 

in situ. The formed gel entrapped the drug within its 

network, creating a localized depot that facilitated 

controlled or sustained drug release over time[41]. 

9.5 Enzyme responsive in situ forming systems: 

An enzyme-responsive in situ forming implant was 

prepared by incorporating the drug into a 

biodegradable polymer solution containing enzyme-

cleavable linkages, such as esters or peptides. The 

formulat ion remained in jectable  at  room 

temperature and, upon administration, responded to 

enzymes like esterases or MMPs present at the target 

site. These enzymes triggered gelation or polymer 

degradation, forming an implant in situ that enabled 

localized and sustained drug release, offering site-

specific therapy with reduced systemic exposure[42].
 
10. Application of In-situ Forming Implants 

In situ forming implants have significant applications 
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in the management of  Alzheimer's disease by 

providing sustained and controlled delivery of  

therapeutic agents over extended periods. These 

systems are administered as injectable liquid 

formulations that solidify upon contact with 

physiological fluids, forming a drug depot that 

releases medication gradually[43].  This approach 

helps maintain stable drug concentrations in 

systemic circulation, thereby reducing fluctuations 

associated with conventional oral therapy. In 

Alzheimer's disease, where long-term treatment and 

patient adherence are major challenges due to 

progressive cognitive decline, in situ forming 

implants can reduce dosing frequency and caregiver 

burden. Additionally, sustained drug exposure may 

enhance the availability of  therapeutic agents to the 

brain, potentially improving drug transport across 

the blood–brain barrier and optimizing therapeutic 

efficacy while minimizing systemic side effects. 

Thus, in situ forming implants represent a promising 

strategy for improving long-term treatment 

outcomes in Alzheimer's disease[44,45]. 

11. Conclusion 

Alzheimer ' s  d isease  i s  a  progress ive  and 

multifactorial neurodegenerative disorder with 

limited therapeutic options and persistent challenges 

in maintaining long-term patient adherence. In situ 

forming implants offer a promising long-acting drug 

delivery approach by providing sustained release, 

reduced dosing frequency, and improved treatment 

compliance. Nevertheless, precise optimization of  

polymer characteristics, solvent selection, phase 

inversion behavior, and overall formulation 

parameters is crucial to minimize burst release and 

achieve safe, consistent, and effective therapeutic 

outcomes in Alzheimer's disease management. 
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