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Abstract 
Long-acting injectable (LAI) formulations represent a transformative approach in 
pharmaceutical therapeutics, enabling sustained drug delivery over extended periods 
ranging from weeks to months following a single administration. These systems address 
critical limitations of conventional dosage forms including poor patient adherence, 
frequent dosing requirements, and suboptimal pharmacokinetic profiles. However, LAI 
development faces substantial pharmaceutical challenges encompassing drug solubility 
and loading limitations, physicochemical and biological stability concerns, excipient 
biocompatibility and immunogenicity issues, complex manufacturing and scalability 
requirements, and rigorous regulatory pathways. This review comprehensively examines 
the pharmaceutical obstacles encountered in LAI formulation development and strategies 
to overcome these challenges. Key approaches include utilization of polymeric and lipid-
based carrier systems, rational engineering of microspheres and nanoparticles, 
optimization of controlled-release kinetics through depot design, targeted delivery 
strategies, and judicious excipient selection. Clinical applications span chronic conditions 
including diabetes, HIV infection, psychiatric disorders, oncology, and hormonal 
therapies, with numerous products achieving regulatory approval and commercial success. 
Future directions incorporate smart stimuli-responsive systems, personalized injectable 
formulations, integration with precision medicine paradigms, and digital therapeutic 
platforms. Addressing formulation and translational challenges in LAI systems will 
enhance patient adherence, therapeutic outcomes, and healthcare economics while 
expanding treatment options for diverse clinical conditions. 
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1. Introduction 

Medication adherence represents a critical determinant of therapeutic success, yet approximately 50 percent of patients with 

chronic conditions fail to adhere to prescribed regimens [1]. Non-adherence contributes to disease progression, treatment failure, 

increased healthcare costs, and preventable morbidity and mortality [2]. Conventional dosage forms requiring frequent 

administration exacerbate adherence challenges, particularly for chronic conditions necessitating lifelong therapy [3]. Long-

acting injectable (LAI) formulations address this fundamental limitation by providing sustained drug release over extended 

durations following single administration [4]. 

LAI systems offer multiple advantages over conventional dosage forms including elimination of frequent dosing, maintenance 

of therapeutic drug concentrations within optimal ranges, reduction of peak-related toxicities and trough-related inefficacy,
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 bypassing first-pass metabolism, and enhanced patient 

convenience and quality of life [5]. These benefits prove 

particularly valuable for conditions requiring chronic 

therapy, medications with narrow therapeutic windows, 

drugs with poor oral bioavailability, and patient populations 

with adherence challenges [6]. 

Despite these compelling advantages, LAI formulation 

development presents substantial pharmaceutical challenges 
[7]. The requirement for extended drug release while 

maintaining stability, biocompatibility, and consistent 

pharmacokinetics necessitates sophisticated formulation 

strategies and advanced manufacturing technologies [8]. 

Achieving optimal balance between drug loading, release 

kinetics, stability, injectability, and safety requires 

comprehensive understanding of drug-excipient interactions, 

polymer science, colloid chemistry, and biological systems 
[9]. 

This review examines pharmaceutical challenges 

encountered in LAI development and strategies to overcome 

these obstacles. We analyze formulation approaches, 

controlled-release mechanisms, clinical applications, and 

future directions in this rapidly evolving therapeutic domain. 

 

2. Overview of Long-Acting Injectable Formulations 

2.1. Definition and Classification 

Long-acting injectables encompass diverse formulation 

platforms designed to provide sustained drug release over 

periods ranging from weeks to months following parenteral 

administration [10]. LAI systems are classified based on 

formulation strategy and release mechanism. Depot 

formulations utilize drug suspension in oily vehicles or 

aqueous dispersions that form in situ depots upon injection, 

providing sustained release through slow dissolution and 

diffusion [11]. Microsphere-based systems encapsulate drugs 

within polymeric matrices that release drugs through 

diffusion, erosion, or degradation [12]. 

Liposomal formulations employ lipid vesicles to encapsulate 

drugs, providing controlled release through bilayer disruption 

and cargo release [13]. Nanoparticle-based LAI systems utilize 

sub-micron carriers for sustained delivery with potential for 

cellular targeting [14]. Implantable systems including rods and 

pellets provide extremely prolonged release but require 

surgical placement and removal [15]. In situ forming systems 

undergo sol-gel or precipitation transitions upon injection, 

creating sustained-release depots [16]. 

 

2.2. Current Trends and Marketed Products 

The LAI market has experienced substantial growth driven 

by clinical need and technological advancement [17]. 

Marketed LAI products span diverse therapeutic areas. 

Psychiatric medications including paliperidone palmitate, 

risperidone microspheres, and aripiprazole monohydrate 

provide monthly or quarterly dosing for schizophrenia and 

bipolar disorder [18]. Hormonal therapies including depot 

medroxyprogesterone acetate and leuprolide acetate 

formulations enable contraception and hormone-dependent 

condition management [19]. 

Antiretroviral LAI combinations including cabotegravir plus 

rilpivirine provide monthly HIV therapy [20]. Antipsychotic, 

hormone, and antiretroviral LAI formulations demonstrate 

superior adherence and clinical outcomes compared to oral 

equivalents [21]. Oncology applications include extended-

release formulations of gonadotropin-releasing hormone 

analogs for prostate cancer [22]. This expanding clinical 

portfolio validates LAI therapeutic utility while highlighting 

diverse formulation strategies. 

 

2.3. Pharmaceutical Advantages 

LAI formulations offer pharmaceutical and clinical 

advantages addressing limitations of conventional dosage 

forms [23]. Sustained therapeutic concentrations minimize 

fluctuations between peak and trough levels, potentially 

reducing dose-dependent adverse effects while maintaining 

efficacy [24]. Elimination of daily dosing improves adherence 

particularly for asymptomatic conditions or populations with 

cognitive impairments [25]. Bypassing gastrointestinal 

absorption overcomes issues of variable bioavailability, food 

effects, and first-pass metabolism [26]. Reduced 

administration frequency decreases healthcare resource 

utilization and improves patient quality of life [27]. These 

advantages support continued investment in LAI technology 

development. 

 

3. Pharmaceutical Challenges in LAI Development 

3.1. Solubility and Drug Loading Limitations 

Drug solubility represents a fundamental challenge in LAI 

formulation [28]. Many therapeutic agents exhibit poor 

aqueous solubility, limiting loading capacity in aqueous-

based systems. Hydrophobic drugs require organic solvents 

or surfactants for solubilization, potentially causing toxicity 

or instability [29]. Conversely, highly water-soluble drugs 

rapidly release from depot systems, failing to achieve 

sustained delivery [30]. Achieving therapeutic doses within 

acceptable injection volumes necessitates high drug loading, 

often difficult for low-potency compounds [31]. 

Drug-polymer miscibility influences microsphere properties 

and release kinetics [32]. Immiscible combinations may phase 

separate during manufacturing, yielding heterogeneous 

products with unpredictable release [33]. Chemical 

modifications enhancing lipophilicity through prodrug or salt 

formation strategies address solubility limitations but 

introduce additional complexity and regulatory requirements 
[34]. 

 

3.2. Stability and Shelf-Life Issues 

Maintaining drug stability throughout manufacturing, 

storage, and release presents substantial challenges [35]. 

Manufacturing processes including emulsification, solvent 

evaporation, and spray drying expose drugs to organic 

solvents, elevated temperatures, and mechanical stress 

potentially causing degradation [36]. Hydrolytic, oxidative, 

and photolytic degradation during storage compromise 

product quality [37]. Protein and peptide therapeutics prove 

particularly susceptible to aggregation, denaturation, and 

chemical modifications. 

Polymer degradation generates acidic microenvironments 

within microspheres, accelerating drug degradation 

particularly for acid-labile compounds. Water ingress into 

formulations initiates hydrolytic processes. Extended release 

durations necessitate stability over months of in vivo 

residence, with degradation products potentially causing 

toxicity or reduced efficacy. Lyophilization and 

incorporation of stabilizers address some stability challenges 

but increase formulation complexity. 

 

3.3. Biocompatibility and Immunogenicity of Excipients 

Excipient biocompatibility critically influences LAI safety 

profiles. Polymeric carriers including poly(lactic-co-glycolic 
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acid) and polylactic acid, while generally biocompatible, 

generate acidic degradation products potentially causing 

local inflammation. Organic solvents including N-methyl-2-

pyrrolidone and dimethyl sulfoxide used in some 

formulations elicit injection site reactions. Surfactants 

employed for emulsification may cause hypersensitivity 

reactions. 

Immunogenicity concerns arise particularly for protein 

therapeutics, with aggregates formed during manufacturing 

or storage triggering antibody responses. Foreign materials 

including nanoparticles may activate immune systems, 

potentially neutralizing therapeutic effects or causing adverse 

reactions. Depot persistence raises concerns regarding 

chronic inflammation and granuloma formation at injection 

sites. Biocompatibility assessment requires comprehensive 

preclinical evaluation including local tolerance, systemic 

toxicity, and immunological studies. 

 

3.4. Formulation Scalability and Manufacturing 

Challenges 

LAI manufacturing presents technical challenges affecting 

commercial viability. Microsphere production techniques 

including emulsion-solvent evaporation demonstrate batch-

to-batch variability influencing particle size distribution, 

drug loading, and release kinetics. Scaling from laboratory to 

commercial production often reveals unanticipated 

challenges in process control and product reproducibility. 

Aseptic processing requirements for injectable products 

increase manufacturing complexity and costs. 

Achieving uniform drug distribution within matrices proves 

difficult particularly for poorly soluble drugs. Particle size 

control within narrow specifications required for injectability 

necessitates sophisticated manufacturing capabilities. 

Quality control analytical methods must comprehensively 

characterize complex formulations including drug content, 

release kinetics, particle size distribution, morphology, and 

stability. Terminal sterilization may compromise product 

integrity, necessitating aseptic manufacturing. 

 

3.5. Regulatory and Clinical Translation Hurdles 

LAI products face rigorous regulatory requirements 

reflecting their complexity. Demonstrating pharmaceutical 

equivalence for generic LAI formulations proves challenging 

due to complex physicochemical properties and release 

mechanisms. In vitro-in vivo correlation establishment 

requires extensive studies correlating dissolution profiles 

with pharmacokinetic data. Bridging animal and human 

pharmacokinetic data introduces uncertainty given species 

differences in metabolism and depot clearance. 

Clinical trial design for LAI products differs from 

conventional formulations, requiring extended monitoring 

periods and consideration of loading dose requirements. 

Demonstrating non-inferiority or superiority over existing 

treatments necessitates large, lengthy trials. Post-marketing 

surveillance must monitor long-term safety given extended 

drug exposure. These regulatory requirements increase 

development timelines and costs, potentially deterring 

investment despite clinical benefits. 

 

4. Strategies to Overcome LAI Challenges 

4.1. Polymeric and Lipid-Based Carriers 

Rational selection of carrier materials addresses multiple LAI 

challenges. Biodegradable polymers including poly(lactic-

co-glycolic acid), polylactic acid, polycaprolactone, and 

polyanhydrides offer tunable degradation rates through 

molecular weight and composition modification. PLGA 

copolymer ratio variations enable release duration tailoring 

from weeks to months. Lipid-based carriers including solid 

lipid nanoparticles and nanostructured lipid carriers provide 

biocompatible alternatives with sustained release 

capabilities. 

Natural polymers including chitosan, alginate, and gelatin 

demonstrate excellent biocompatibility but face limitations in 

mechanical strength and degradation control. Hybrid systems 

combining multiple polymer types leverage complementary 

properties. Surface modifications including polyethylene 

glycol conjugation reduce protein adsorption and immune 

recognition, enhancing circulation time and biocompatibility. 

 

4.2. Nanoparticle and Microsphere Engineering 

Particle engineering optimizes LAI performance 

characteristics. Microencapsulation techniques including 

emulsion-solvent evaporation, spray drying, coacervation, 

and supercritical fluid methods enable control over particle 

size, drug loading, and morphology. Double emulsion 

techniques encapsulate hydrophilic drugs within polymeric 

microspheres. Porous microsphere fabrication through 

porogen incorporation enhances drug loading and modifies 

release kinetics. 

Nanoparticle-based LAI systems offer advantages including 

enhanced cellular uptake, ability to cross biological barriers, 

and potential for active targeting. However, rapid clearance 

of nanoparticles necessitates strategies for sustained 

circulation including surface modification and incorporation 

into larger depot systems. Core-shell architectures provide 

initial burst release followed by sustained release from cores. 

 

4.3. Controlled-Release Kinetics and Depot Design 

Engineering release profiles to match therapeutic 

requirements optimizes LAI efficacy. Zero-order release 

maintaining constant drug concentrations proves ideal for 

many applications. Biphasic release with initial burst 

providing loading dose followed by sustained maintenance 

release addresses conditions requiring rapid onset. Release 

mechanisms including diffusion through polymeric matrices, 

polymer erosion or degradation, and osmotic pressure 

exploitation enable diverse kinetic profiles. 

Mathematical modeling predicts release kinetics based on 

formulation parameters, guiding rational design. In situ 

forming depots utilizing phase inversion or precipitation 

upon injection provide advantages of conventional injection 

with sustained release benefits. Thermosensitive polymers 

transitioning from sol to gel at body temperature enable 

minimally invasive depot formation. 

 

4.4. Targeted Delivery and Precision Therapeutics 

Incorporating targeting strategies enhances LAI therapeutic 

indices. Passive targeting through enhanced permeability and 

retention effects accumulates nanoparticles in tumors. Active 

targeting via surface conjugation of antibodies, peptides, or 

small molecules recognizing disease-specific markers 

enables selective delivery. Stimuli-responsive systems 

releasing drugs in response to disease microenvironment cues 

including pH, temperature, or enzymes provide precision 

delivery. 

Cell-mediated delivery employing modified cells as drug 

carriers enables targeted sustained release. Combination 

products co-delivering multiple therapeutic agents address 
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complex diseases requiring multimodal therapy. Personalized 

LAI formulations optimized for individual patient 

pharmacokinetic parameters represent emerging approaches. 

 

4.5. Formulation Optimization and Excipient Selection 

Systematic formulation optimization addresses multiple 

challenges simultaneously. Design of experiments 

methodologies efficiently explore formulation space 

identifying optimal parameter combinations. Stabilizers 

including antioxidants, buffers, and cryoprotectants preserve 

drug stability during manufacturing and storage. Solubility 

enhancement through cyclodextrin complexation, solid 

dispersion formation, or nanocrystal technology increases 

drug loading. 

Excipient selection balances multiple criteria including 

biocompatibility, manufacturing feasibility, regulatory 

acceptance, and cost. Generally recognized as safe excipients 

facilitate regulatory approval but may not provide optimal 

performance. Novel excipients offering superior properties 

require extensive safety evaluation. 

 

5. Clinical Applications and Translational Relevance 

5.1. Chronic Diseases 

LAI formulations demonstrate particular value for chronic 

conditions requiring lifelong therapy. Long-acting insulin 

analogs provide basal glucose control for diabetes patients, 

though true once-weekly or monthly insulin formulations 

remain developmental goals. Antiretroviral LAI 

combinations including cabotegravir plus rilpivirine provide 

monthly HIV maintenance therapy with non-inferior 

virologic suppression compared to daily oral regimens and 

superior adherence and patient satisfaction. 

Long-acting antipsychotics including paliperidone palmitate, 

risperidone microspheres, and aripiprazole formulations 

demonstrate superior relapse prevention compared to oral 

antipsychotics, attributed to guaranteed drug delivery 

eliminating adherence uncertainty. These chronic disease 

applications validate LAI clinical utility and economic value 

despite higher acquisition costs offset by reduced 

hospitalizations and improved outcomes. 

 

5.2. Oncology and Long-Term Chemotherapy 

Cancer treatment increasingly employs LAI strategies for 

hormonal therapies and supportive care. Gonadotropin-

releasing hormone analogs including leuprolide, goserelin, 

and triptorelin depot formulations provide testosterone 

suppression for prostate cancer with monthly, quarterly, or 

semi-annual dosing intervals. Long-acting granulocyte 

colony-stimulating factor formulations support 

chemotherapy-induced neutropenia management. 

Sustained-release chemotherapy formulations enable local 

tumor treatment with reduced systemic toxicity. Intratumoral 

injection of sustained-release systems concentrates drugs at 

disease sites while minimizing off-target exposure. However, 

chemotherapeutic LAI development faces challenges from 

drug toxicity, stability issues, and heterogeneous tumor 

penetration. 

 

5.3 Hormonal Therapies and Contraception 

Hormonal LAI applications demonstrate clinical success and 

widespread utilization. Depot medroxyprogesterone acetate 

provides three-month contraceptive efficacy through  

intramuscular injection, offering long-acting reversible  

contraception though bone density concerns limit use 

duration. Subcutaneous formulations including contraceptive 

implants provide multi-year efficacy with convenient 

removal enabling fertility restoration. 

Testosterone replacement therapy utilizing depot 

formulations addresses male hypogonadism with less 

frequent administration than topical or oral alternatives. 

Sustained-release estrogen and progestin combinations 

manage menopausal symptoms. Hormonal LAI systems 

benefit from high drug potency enabling therapeutic dosing 

in reasonable injection volumes. 

 

5.4. Evidence from Clinical Trials 

Clinical trial data support LAI therapeutic benefits across 

multiple conditions. Comparative effectiveness studies 

demonstrate superior adherence, reduced relapse rates, 

improved quality of life, and favorable cost-effectiveness for 

LAI versus oral formulations in schizophrenia. HIV 

treatment trials show non-inferior virologic outcomes with 

LAI antiretrovirals compared to daily oral therapy and 

significantly improved patient-reported outcomes. 

Real-world evidence studies confirm clinical trial findings in 

diverse populations and settings. However, some patients 

express preference for oral medications due to autonomy 

concerns, injection anxiety, or cultural factors, highlighting 

importance of patient-centered treatment selection. Long-

term safety monitoring continues for recently approved LAI 

products given extended drug exposure and potential for 

delayed adverse effects. 

 

6. Future Perspectives 

6.1. Next-Generation LAI Technologies 

Emerging technologies promise to address current LAI 

limitations. Ultra-long-acting formulations providing 

quarterly, semi-annual, or annual dosing intervals through 

advanced polymer systems, nanocrystal technologies, or 

subcutaneous implants enhance convenience. Biodegradable 

implants eliminate removal requirements while providing 

extended release. Nanoscale engineering enables precise 

control over release kinetics and potential for combination 

therapies within single formulations. 

 

6.2. Smart and Stimuli-Responsive Injectables 

Intelligent LAI systems incorporating responsive elements 

enable adaptive drug delivery. pH-sensitive polymers 

respond to inflammatory acidic microenvironments, 

triggering release at disease sites. Temperature-responsive 

systems utilizing phase transition polymers enable externally 

triggered release through local heating. Enzyme-responsive 

systems degrade in presence of disease-associated proteases. 

These smart systems potentially improve therapeutic indices 

by concentrating drug action at appropriate sites and times. 

 

6.3. Personalized and Precision Medicine Integration 

Personalized LAI formulations optimized for individual 

patient characteristics represent future directions. 

Pharmacogenomic data informing drug selection and dosing 

enables precision therapy. Patient-specific pharmacokinetic 

modeling guides formulation design for optimal exposure 

profiles. Three-dimensional printing technologies may 

enable on-demand manufacture of customized LAI products.  
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Integration with digital therapeutics including smart injection 

devices with adherence monitoring and data transmission  

enhances treatment management. 

 

6.4. Regulatory and Commercialization Outlook 

Regulatory frameworks continue evolving to accommodate 

innovative LAI technologies. Expedited approval pathways 

for products addressing unmet needs facilitate translation. 

Post-approval commitments enable conditional approvals 

pending confirmatory studies. Industry investment in LAI 

development remains robust given market opportunities, 

though development costs and risks require careful portfolio 

management. Biosimilar LAI development faces unique 

challenges given formulation complexity, potentially limiting 

competition and maintaining higher prices compared to 

simple generics. 

 

7. Conclusion 

Long-acting injectable formulations represent transformative 

therapeutic advances enabling sustained drug delivery with 

profound implications for patient adherence, therapeutic 

outcomes, and healthcare economics. However, LAI 

development faces substantial pharmaceutical challenges 

encompassing drug solubility and loading limitations, 

stability concerns throughout product lifecycle, excipient 

biocompatibility and immunogenicity considerations, 

complex manufacturing and scalability requirements, and 

rigorous regulatory pathways. Addressing these challenges 

necessitates sophisticated formulation strategies leveraging 

advances in polymer science, nanotechnology, and 

pharmaceutical engineering. 

Polymeric and lipid-based carrier systems provide versatile 

platforms for controlled release with tunable properties. 

Rational particle engineering optimizes drug loading, release 

kinetics, and biocompatibility. In situ forming systems and 

stimuli-responsive formulations represent innovative 

approaches addressing traditional LAI limitations. Clinical 

applications across chronic diseases, oncology, and hormonal 

therapies demonstrate therapeutic value, with marketed 

products validating feasibility and numerous development 

programs advancing through clinical evaluation. 

Future directions incorporate ultra-long-acting formulations, 

smart responsive systems, personalized medicine integration, 

and digital therapeutic platforms. As technologies mature and 

regulatory pathways streamline, LAI products will 

increasingly define therapeutic standards for chronic 

conditions. Success requires continued innovation in 

formulation science, manufacturing technology, and clinical 

development strategies. The pharmaceutical community's 

investment in addressing LAI challenges will yield 

substantial patient and healthcare system benefits, expanding 

treatment options and improving outcomes across diverse 

medical conditions. 

 

8. Figure 

 
Fig 1: Overview of pharmaceutical strategies for developing long-acting injectable formulations 
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9. Tables 
 

Table 1: Types of long-acting injectable formulations and their applications 
 

LAI Type Drug/Active Formulation Strategy 
Release 

Duration 
Therapeutic Application 

Commercial 

Examples 

Polymeric 

microspheres 
Risperidone PLGA microspheres 2 weeks Schizophrenia Risperdal Consta 

Polymeric 

microspheres 
Paliperidone palmitate Aqueous suspension 1-3 months Schizophrenia/bipolar 

Invega 

Sustenna/Trinza 

Polymeric 

microspheres 
Leuprolide acetate PLGA/PLA microspheres 1-6 months Prostate cancer Lupron Depot 

Nanocrystal 

suspension 
Aripiprazole 

Aqueous nanocrystal 

suspension 
1-2 months Schizophrenia Abilify Maintena 

Oil depot Testosterone esters Oil solution 2-4 weeks Hypogonadism Multiple products 

Aqueous suspension 
Depot 

medroxyprogesterone 
Microcrystal suspension 3 months Contraception Depo-Provera 

Liposomal Doxorubicin PEGylated liposomes 
Extended 

circulation 
Cancer chemotherapy Doxil/Caelyx 

In situ depot Leuprolide acetate PLGA solution (NMP) 1-6 months 
Prostate 

cancer/endometriosis 
Eligard 

Subcutaneous 

implant 
Etonogestrel Polymer rod 3 years Contraception Nexplanon 

LAI combination 
Cabotegravir + 

Rilpivirine 
Nanosuspensions 1-2 months HIV treatment Cabenuva 

 

Table 2: Major formulation challenges in LAI development 
 

Challenge 

Category 
Specific Issues Impact on Development Critical Considerations 

Drug solubility 
Poor aqueous solubility; limited 

loading in hydrophilic systems 

Requires solubility enhancement; 

limits dose achievable 

Drug physicochemical properties; prodrug 

strategies; nanocrystal technology 

Drug loading 
High doses required for extended 

release; low potency compounds 

Unacceptably large injection 

volumes; incomplete release 

Drug potency; polymer capacity; 

formulation efficiency 

Chemical stability 
Hydrolytic, oxidative, and thermal 

degradation 

Loss of potency; formation of 

toxic degradation products 

Manufacturing stress; storage conditions; 

stabilizer selection 

Physical stability Protein aggregation and denaturation 
Reduced efficacy; increased 

immunogenicity 
Lyophilization; gentle processing; stabilizers 

Polymer-related 

stability 

Acidic microenvironment from 

degradation 

Accelerated drug degradation; 

local irritation 

Buffer incorporation; polymer selection; 

neutralization strategies 

Biocompatibility Local inflammation; tissue irritation 
Patient discomfort; injection site 

reactions; poor tolerability 

Biocompatible material selection; 

comprehensive toxicology 

Immunogenicity Antibody formation against proteins 
Neutralization of therapeutic 

effect; hypersensitivity 

Minimize aggregates; gentle processing; 

immunosuppression 

Depot persistence 
Chronic inflammation; granuloma 

formation 

Long-term safety concerns; 

aesthetic issues 

Biodegradable materials; depot clearance 

monitoring 

Manufacturing 

variability 
Batch-to-batch inconsistency 

Unpredictable release; quality 

issues; regulatory rejection 

Process control; continuous manufacturing; 

robust methods 

Scalability 
Laboratory to commercial production 

challenges 

Development delays; increased 

costs; supply issues 

Manufacturing feasibility assessment early; 

pilot studies 

Sterilization 
Terminal sterilization may damage 

product 

Limited sterilization options; 

aseptic processing required 

Gamma/e-beam tolerance testing; aseptic 

validation 

Quality control Complex characterization requirements 
Resource-intensive testing; method 

development challenges 

Validated analytical methods; 

comprehensive specifications 

Regulatory pathway 
Complex approval requirements; 

IVIVC demonstration 

Extended timelines; higher 

development costs; uncertainty 

Early regulatory consultation; 

comprehensive CMC package 

Clinical translation 
Extended PK monitoring; loading dose 

requirements 

Lengthy trials; complex trial 

design; patient burden 
Modeling and simulation; adaptive designs 
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Table 3: Strategies and technologies to overcome LAI formulation challenges 
 

Challenge Strategy/Technology Mechanism of Action Advantages Limitations 

Poor solubility Nanocrystal technology 
Particle size reduction 

increasing surface area 

Enhanced dissolution; high 

drug loading; simple 

formulation 

Stability concerns; aggregation 

potential 

Poor solubility Prodrug formation 
Chemical modification 

increasing lipophilicity 

Improved solubility and 

partitioning 

Additional synthesis and 

characterization; regulatory 

complexity 

Poor solubility 
Complexation 

(cyclodextrins) 

Host-guest inclusion 

increasing apparent 

solubility 

Enhanced solubility; 

stabilization 

Limited capacity; added 

excipients 

Low drug loading 
High molecular weight 

polymers 
Increased matrix capacity Greater drug incorporation 

Slower degradation; altered 

release 

Chemical instability Lyophilization 
Removal of water 

preventing hydrolysis 

Enhanced stability; extended 

shelf life 

Reconstitution required; process 

complexity 

Chemical instability Stabilizer incorporation 
Antioxidants, buffers 

protecting drug 
Improved stability profile 

Potential interactions; 

regulatory considerations 

Protein instability Gentle processing Avoiding harsh conditions 
Preserved native structure; 

reduced aggregation 

Lower throughput; limited 

options 

Acidic 

microenvironment 

Basic excipient 

incorporation 

Neutralization of acidic 

degradation products 

Reduced local pH drop; 

improved stability 

May affect polymer degradation 

kinetics 

Local irritation 
Biocompatible polymer 

selection 

Use of well-tolerated 

materials 

Reduced inflammation; 

better tolerability 

May compromise other 

properties 

Immunogenicity PEGylation of proteins 
Surface shielding reducing 

recognition 

Reduced antibody formation; 

prolonged circulation 

PEG antibodies possible; 

manufacturing complexity 

Immunogenicity Aggregate minimization 
Gentle processing; 

stabilizers 

Reduced immunogenic 

potential 
Process constraints; added costs 

Manufacturing 

variability 
Design of Experiments 

Systematic optimization of 

parameters 

Robust formulations; 

efficient development 

Requires expertise and 

resources 

Scalability issues Continuous manufacturing 
Flow-based production with 

real-time control 

Improved consistency; 

reduced costs; easier scale-

up 

Equipment investment; process 

development 

Sterilization 

challenges 
Aseptic processing 

Manufacturing under sterile 

conditions throughout 
Preserves product integrity 

High cost; complexity; 

validation requirements 

Release control PLGA composition tuning 
Varying lactide:glycolide 

ratio 

Tailored degradation and 

release rates 

Optimization required for each 

drug 

Release control Core-shell particles 
Outer shell controls drug 

diffusion 

Reduced burst; sustained 

release 
Complex manufacturing 

Targeted delivery Surface ligand conjugation 
Specific binding to disease 

markers 

Enhanced selectivity; 

reduced off-target effects 

Ligand stability; manufacturing 

complexity 

Triggered release 
Stimuli-responsive 

polymers 

pH, temperature, or 

enzyme-sensitive 

degradation 

Precision delivery; reduced 

side effects 
Development stage; complexity 

Regulatory 

complexity 
IVIVC establishment 

Correlation of in vitro 

dissolution with PK 

Facilitates approvals; guides 

formulation 

Requires extensive studies; not 

always achievable 

Clinical translation Modeling and simulation 
Prediction of human PK 

from preclinical data 

Optimizes clinical trial 

design; reduces uncertainty 

Model validation required; 

assumptions 
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