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Abstract:

Long-acting injectable (LAI) drug delivery systems are a cornerstone of chronic disease management,
offering sustained therapeutic concentrations and improved patient adherence. These formulations
establish intramuscular or subcutaneous depots to provide controlled drug release, thereby minimizing
dosing frequency and pharmacokinetic variability. This comprehensive review articulates the evolution of
LAI platforms, from legacy oil-based solutions to advanced biodegradable polymeric microspheres
(PLGA), in situ forming gels, lipid-based carriers, and nanosuspensions. The formulation principles,
technical advantages, and manufacturing challenges for each technology are critically analyzed. Core drug
release mechanisms, including polymer erosion, matrix diffusion, and particle dissolution, are detailed.
Furthermore, advanced strategies to manipulate in vivo clearance and extend therapeutic half-life, such as
PEGylation, lipidation, and Fc/HSA fusion, are synthesized. A significant focus is placed on product
characterization, emphasizing the challenges in developing predictive in vitro release (IVR) methods. Key
quality attributes (CQAs) and regulatory pathways are also examined. Finally, emerging technologies,
including stimuli-responsive systems and Al-assisted design, are explored to outline future perspectives
for enhancing the therapeutic precision and clinical utility of LAIs.

Keywords: Long-acting injectables, sustained release formulations, PLGA microspheres, depot
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INTRODUCTION

Chronic illnesses, including diabetes, cardiovascular disease, and chronic respiratory conditions, pose
formidable challenges to healthcare systems globally. These diseases are major contributors to both
morbidity and mortality and concurrently impose a substantial financial burden. The World Health
Organization (WHO) reports that chronic diseases are responsible for approximately 71% of all deaths
worldwide, underscoring the pressing need for robust management strategies.

A primary impediment in the management of chronic diseases is their inherent complexity, which is
frequently compounded by the presence of comorbidities. Effective management demands a
comprehensive methodology that addresses multifaceted health needs and fosters coordination among
different healthcare providers. Despite this, many healthcare systems encounter difficulty in implementing
integrated care models capable of effectively managing these complexities.

Furthermore, the successful management of chronic diseases is critically dependent on patient
engagement. Patients are required to actively participate in their own care, a process that includes adopting
lifestyle modifications and adhering to prescribed treatment regimens. Nevertheless, factors such as health
literacy levels, socio-economic status, and differential access to resources can erect significant barriers to
effective self-management!.
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Long-acting injectable (LAI) drug formulations, designed for intramuscular (IM) or subcutaneous (SC)
administration, have surfaced as a therapeutic class that furnishes stable drug exposure for extended
durations, which can range from weeks to several months, following a single administration.

In comparison to conventional pharmaceutical preparations, LAls possess distinguished features, notably
a reduced frequency of administration, which consequently enhances patient compliance and diminishes
rates of relapse and adverse effects. Accordingly, the research and development of LAI drug formulations
have undergone a significant expansion over recent decades, culminating in the successful
commercialization of numerous LAI drug products?.

LALIs facilitate a marked reduction in dosing frequency for patients and are exceptionally well-suited for
the management of chronic conditions that otherwise necessitate frequent, repeated dosing. LAI products
have demonstrated an ability to improve patient compliance and, more significantly, therapeutic outcomes.
This is often accompanied by a decreased incidence of side effects, contributing to an overall reduction in
medical care costs. The scientific principles underpinning LAI formulations amalgamate core concepts
from physical pharmacy, polymer science, and biopharmaceutics. A spectrum of LAI products is available
on the market, leveraging diverse technologies such as oil-based systems, aqueous suspensions, polymeric
microspheres, and in situ forming gels. The selection of a specific formulation technology is heavily
contingent upon the physicochemical properties of the active pharmaceutical ingredient (API). Most LAI
systems utilize either the physical entrapment of drug molecules within polymeric or lipid matrices or
their chemical conjugation to carrier molecules, thereby establishing a reservoir from which controlled
release can proceed*. The rate-limiting steps that govern drug release may involve processes like polymer
hydration, matrix erosion, diffusion through pores or channels, or the cleavage of chemical bonds,
depending on the specific formulation design.

The conceptual basis for extended-release injectable medications originated in the mid-20th century with
the creation of oil-based suspensions and solutions. The first LAI formulation of major clinical
significance, introduced in 1954, was fluphenazine decanoate. This antipsychotic ester, dissolved in
sesame oil, afforded sustained release over a period of 1-3 weeks®. This pioneering strategy capitalized on
the drug’s lipophilicity and its slow diffusion from the oil depot to preserve therapeutic concentrations.
The 1970s marked the advent of biodegradable polymers as carriers for LAIs. Polylactic acid (PLA) and
poly (lactic-co-glycolic acid) (PLGA) rapidly became the materials of choice, valued for their established
biocompatibility and tunable degradation profiles’. The FDA's approval of Lupron Depot® (leuprolide
acetate) in 1989 constituted a pivotal milestone, validating the clinical viability of PLGA microsphere
technology for monthly administration®.

The 1990s and early 2000s were characterized by substantial innovation in LAI design, encompassing the
development of in situ forming implants, nanosuspensions, and liposomal formulations®. Risperidone LAI
(Risperdal Consta®), which received approval in 2003, exemplified the application of microsphere
technology to psychiatric disorders, dramatically improving medication adherence in the management of
schizophrenia'?.

More recent developments (2010-2025) have centered on broadening the molecular diversity of agents
delivered via LAIs to include peptides, proteins, and monoclonal antibodies. This has occurred in parallel
with innovations in manufacturing technology and enhancements in delivery precision'!. The introduction
of extended-release naltrexone (Vivitrol®) for addiction treatment and paliperidone palmitate (Invega
Sustenna®) for schizophrenia further highlighted the capacity of LAIs to confront significant public health
challenges where medication adherence is a critical determinant of success'?.

This review furnishes a comprehensive overview of currently marketed long-acting injectable (LAI)
products. It scrutinizes the in vitro and in vivo methodologies that are employed for product approval and
deliberates on the manufacturing processes and quality attributes indispensable for LAI development. This
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review confronts both the challenges and the opportunities for advancing knowledge within this domain.
It supplies up-to-date information on LAls, incorporating tables that summarize the key attributes of
approved products, pertinent clinical parameters like formulation properties, and their consequential
effects on patient compliance.

1. ADVANTAGES AND CHALLENGES OF LAIS

1.1. Pharmacokinetic and Therapeutic Advantages

LAI formulations present several crucial advantages over conventional dosage forms:

1.1.1. Improved Pharmacokinetic Profile

e Reduced peak-to-trough fluctuations: LAIs sustain drug concentrations within the therapeutic
window, thereby mitigating the potentially toxic peaks and sub-therapeutic troughs often associated
with immediate-release formulations.

o Extended apparent half-life: By establishing a depot reservoir that facilitates controlled release,
LAIs effectively prolong the apparent half-life of drugs that would otherwise necessitate frequent
administration.

o Bypass of first-pass metabolism: Parenteral administration circumvents the hepatic first-pass effect.
This potentially permits the use of lower total doses and curtails the formation of metabolites*.

1.1.2. Enhanced Therapeutic Outcomes

e Improved medication adherence: This is particularly valuable in psychiatric conditions, addiction
treatment, and other contexts where daily adherence presents a challenge. LAIs have been associated
with documented reductions in relapse and hospitalization rates.

e Reduced dosing frequency: Diminishing the administration frequency from daily to weekly,
monthly, or even annually markedly lessens the treatment burden on patients.

e Decreased side effect profile: The elimination of sharp plasma concentration peaks may curtail
adverse effects, especially for drugs possessing narrow therapeutic windows.

o Potential for lower total dose: The avoidance of first-pass metabolism, coupled with improved
bioavailability, may enable lower cumulative dosing relative to oral alternatives**.

2. CLASSIFICATION OF LONG ACTING INJECTABLES

2.1. Formulation-Based Classification

LAI delivery systems are frequently viewed as an appealing delivery option during the life cycle phase of
a drug, employed to augment the clinical performance of the molecule across many therapeutic areas. To
achieve this, formulation scientists typically rely on three principal technologies to fabricate an LAI
delivery system: (1) polymer-based systems, which include microencapsulating systems and in situ gels;
(i1) oil-based formulations; and (iii) drug (nano and micro) suspensions. This section provides an overview
of these distinct technologies and examines the principal role of excipients in the tailoring of drug release.

2.1.1. Polymer-Based Formulations

2.1.1.1. Microencapsulation

The process of microencapsulation entails the dispersion or dissolution of solid or liquid drug substances
within polymeric materials to create microspheres, or their encapsulation as a core enveloped by a
polymeric shell to form microcapsules*?. While both biodegradable and non-biodegradable polymers can
be utilized, non-biodegradable polymers are generally less attractive. This is due to the necessity of a
surgical operation to position the delivery system at the initiation of treatment and another to remove it at
the conclusion. Consequently, they fall outside the scope of this review. Conversely, biodegradable
polymers progressively degrade into their metabolizable monomers, concurrently releasing the
encapsulated drug. The mechanism of drug release from such biodegradable microspheres is commonly
classified into three different phases*. The initial drug release, often termed "burst release," consists of
non-encapsulated drug and is obtained via the surface erosion of the polymer matrix, resulting in the
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release of this non-encapsulated drug. This burst release is intimately linked to the drug load. Formulations
with higher drug loading are prone to causing a more pronounced burst effect, whereas lower drug loading
will likely lead to a delayed release characterized by minimal or no initial release. This initial phase is
succeeded by the slow release of the drug from the microspheres, a process to which several parallel
mechanisms contribute (corresponding to the second and third phases of the classification)**. The second
phase involves the diffusion of the encapsulated drug through the polymeric matrix. Finally, the residual
encapsulated drug is continuously liberated through the degradation of the polymer**.

The majority (nearly 50%) of marketed biodegradable LAI products are predicated on Poly(DL-lactic-co-
glycolic acid) (PLGA)*. PLGA is a synthetic aliphatic polyester, a copolymer of lactic acid (LA) and
glycolic acid (GA). PLGA is susceptible to hydrolytic degradation; upon contact with biological fluids,
PLGA hydrolyzes to form short-chain alcohols and acids. The drug release from PLGA-based
formulations can be precisely tailored by modifying the molar ratios of lactic acid (LA) to glycolic acid
(GA) or by altering the molecular weight of the polymer. A higher molecular weight typically leads to
diminished polymer degradation and, subsequently, slower drug release, attributable to the lengthy
polymer chains. Beyond the co-monomer ratios of glycolic and lactic acid, molecular weight, and
environmental factors (such as pH, temperature, and enzymes), the PLGA end group also assumes a
critical role in polymer degradation*®. The PLGA end group can be either an acid or an ester. PLGA-based
formulations featuring an acid end group degrade significantly faster than those with an ester end. This is
because the acid end group induces a drop in the microenvironmental pH, which further accelerates the
hydrolysis of the ester bonds, leading to the generation of more acidic groups and thus establishing an
autocatalytic cycle®!.

Besides the prevalent PLGA-based drug delivery systems, other biodegradable polymers can also be
applied to the development of LAI formulations. Examples of other synthetic biodegradable polymers that
have been employed in FDA-approved LAIs include triethylene glycol poly(orthoester) (TEG-POE) and
sodium carboxymethyl cellulose (CMC), the latter of which can form complexes with cationic drugs”’.
Poly(e-caprolactone) (PCL) represents another well-investigated, biocompatible, and biodegradable FDA-
approved polymer. It offers the advantage of eroding at substantially lower rates compared to other
biodegradable polymers®2. The release kinetics can be readily fine-tuned by altering its molecular weight,
crystallinity, or by constructing co-polymers with other polymers. Another intriguing class of candidates
is poly(saccharide)-based polymers, such as hyaluronates, chitosan, and alginates. Poly(saccharides) are
derived from renewable resources—including plants, microorganisms, or animals—and consequently
demonstrate unique advantages concerning low toxicity risk, biocompatibility, biodegradability, and low
immunogenicity.

The domain of polymer-based LAI formulation development has not yet realized its full potential. A
significant volume of ongoing research is concentrated on identifying new materials that can furnish
beneficial characteristics surpassing those of existing polymer systems for parenteral LAls.
Poly(anhydrides) are regarded as an interesting alternative polymer system, given the facility with which
their degradation rate can be modified by manipulating the ratio of monomers>*. Despite the promising
attributes of these novel polymer-based systems, longer regulatory approval timelines should be
anticipated, owing to the currently limited knowledge regarding these formulation strategies for injectable
formulations.

While many research endeavors focus on optimizing the release kinetics from these drug delivery systems,
the selection of the most appropriate polymer is also influenced by drug stability and the polymer's
feasibility to protect the drug from exposure to enzymes or other environmental conditions that pose
stability challenges. The inclusion of other functional excipients may be employed to maximize the
stability of the final formulation. For instance, surfactants are frequently included to preclude protein
adsorption and/or aggregation at hydrophobic surfaces. For this application, non-ionic surfactants are
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preferred, as ionic surfactants might interact with groups in proteins, potentially inducing protein
denaturation. pH-neutralizing additives offer added value for acid-labile drugs by compensating for the
reduction in microclimate pH that results from polymer hydrolysis. Furthermore, preservatives, buffering
agents, and osmolytes can be incorporated to bestow benefits upon the final drug product’®.

Several challenges can manifest with the polymer-based microsphere technology. These may include
difficulties in achieving high levels of control over the particle size distribution, the potential for poor
injectability, constrained drug loading capacity, and poor stability. Notwithstanding these challenges, it
remains a very promising and broadly utilized strategy for the preparation of LAls and has been
successfully translated into numerous clinical applications®’.

2.1.1.2. Microsphere Development Approaches

The formulation of polymeric microspheres for LAI applications necessitates sophisticated processing

techniques and meticulous parameter optimization to attain the desired profiles for drug encapsulation,

release kinetics, and stability*. The principal manufacturing methodologies include:

Emulsion-Based Techniques

o Single emulsion (O/W): This method is suitable for lipophilic drugs. It involves the emulsification
of an organic polymer solution, which contains the drug, within an aqueous continuous phase. This
is followed by solvent removal to harden the particles**.

e Double emulsion (W/O/W): This approach is preferred for hydrophilic compounds, especially
peptides and proteins. It utilizes a primary water-in-oil emulsion that is subsequently dispersed into
an external aqueous phase®. This technique demands careful stabilization of both interfaces and
frequently employs amphiphilic copolymers or PEGylated PLGA to bolster encapsulation
efficiency™®.

e Solid-in-oil-in-water (S/O/W): This is a modified approach tailored for proteins and peptides. The
drug is first micronized and suspended in the organic polymer solution prior to emulsification. This
method reduces the drug's exposure to organic/aqueous interfaces and mitigates the associated risks
of denaturation®’.

2.1.1.3. Critical Process Parameters

The successful formulation of microspheres requires precise control over multiple variables:

e  Polymer selection: The molecular weight, the lactide:glycolide ratio, and the end-group chemistry
of PLGA significantly dictate the degradation rate, hydrophilicity, and drug-polymer interactions.
Polymers with higher molecular weight (50-100 kDa) typically afford slower release rates, whereas
a higher glycolide content accelerates degradation®.

e Organic solvent: Dichloromethane, ethyl acetate, and chloroform are commonly utilized. The
selection is predicated on polymer solubility, drug stability, and environmental considerations.

e  Emulsifier concentration: Polyvinyl alcohol (PVA), polysorbates, and sodium cholate function as
stabilizers. Their concentration (customarily 0.1-5% w/v) impacts particle size, morphology, and
porosity.

o Homogenization parameters: The intensity and duration of mechanical agitation during the
emulsification process directly influence the particle size distribution. High-shear homogenization or
ultrasonication is typically employed to achieve uniform dispersions.

e Hardening conditions: The rate of solvent removal—effectuated through evaporation, extraction, or
a combination thereof—governs microsphere porosity, shell formation, and the characteristics of the
initial burst release™’.

2.1.1.4. Challenges and Mitigation Strategies

Several challenges complicate the development of microsphere formulations:

o Initial burst release: This is typically ascribed to surface-associated drug and can be mitigated via
surface washing, pore sealing with additional polymer layers, or the implementation of core-shell
architectures.
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e  Protein stability: Denaturation occurring at the organic/aqueous interface can be lessened by pre-
formulation with stabilizing excipients (such as sugars or amino acids), the use of PEGylated
polymers, or the application of solid-state encapsulation techniques.

o Residual solvents: Efficient removal necessitates optimized evaporation/extraction conditions, with
vacuum drying often being required to satisfy regulatory limits.

e Scale-up complexities: The preservation of critical quality attributes during manufacturing scale-up
requires careful engineering of mixing dynamics and heat transfer to maintain microsphere
characteristics®*.

2.1.2. In Situ Implants

Implants constitute another formulation strategy that leverages polymer-based systems to regulate drug
release over extended durations. This formulation type encompasses (i) in situ forming depots, which
comprise precipitating implants, gels, crosslinked gels, and microparticle implants, and (ii) solid implants,
for which a pre-prepared implant is positioned within the subcutaneous or intramuscular matrix via
surgical incision or injection using a large-gauge needle. The popularity of in situ gelling systems has
escalated over the last two decades, attributable to their biocompatibility, stability, facility of
administration, and ease of scale-up. In situ gelling systems depend on gel formation that occurs in
response to various endogenous stimuli, such as an increase in temperature, a change in pH, or the presence
of ions upon administration. Several natural and synthetic polymers facilitate the preparation of in situ
gelling systems. Biodegradable natural polymers include alginic acid, gellan gum, xyloglucan, pectin, and
chitosan.

Synthetic polymers include PLGA, poly(caprolactone) (PCL), and poly(DL-lactide) (PLA). PLGA is
regarded as a biocompatible and biodegradable carrier, valued for the flexibility it offers in tailoring drug
release kinetics. It is therefore frequently used as an in situ gel former®®, in addition to its extensive
applicability in microencapsulation systems™.

In situ forming (reverse thermal gelling) implants are of the sol-gel type; that is, the solution is formulated
prior to injection and subsequently converts into a gel after administration due to in situ gelation prompted
by interaction with the endogenous environment®. The prolonged-release effect of the drug is primarily a
consequence of the formation of this semisolid-gel drug depot. Drug release from in situ forming systems
can be modified in accordance with clinical needs by utilizing different polymers®!.

Several marketed products exist that were developed based on this concept. For example, the Atrigel®
proprietary delivery systems serve as the cornerstone for clinically available in sifu gelling drug products.
Atrigel® systems are viscous solutions composed of a water-insoluble biodegradable polymer and a
biocompatible solvent®>. The commonly used polymers for these systems include PLA, PLGA, and
lactide/caprolactone copolymers (PLA-PCL). Either hydrophilic or hydrophobic solvents can be used,
such as dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), tetraglycol, glycolfurol, propylene
carbonate, triacetin, ethyl acetate, and benzyl benzoate. Atridox®, a marketed product for treating chronic
perioditis, as well as other Atrigel formulations, are composed of a PLGA polymer solution in NMP. The
drug product is supplied as a two-syringe mixing system. Syringe A contains the Atrigel® Delivery
System, which is a polymeric formulation composed of 36.7% PLA dissolved in 63.3% NMP, and Syringe
B contains 50 mg of doxycycline hyclate (as a drug powder). After mixing the contents of the two vials,
the vehicle is then injected into the subgingival tissue. Atridox® is applied to the infected area as a gel,
where it solidifies and subsequently releases doxycycline for approximately 7 days. The use of an in situ
formulation implant prepared with biodegradable polymers obviates the need for a surgical procedure to
administer and/or remove the drug delivery system, which ultimately enhances patient comfort.
Supplemented by the favorable technical aspects of this technology—including low cost, a simple drug
loading method, and good system stability—this formulation approach is typically regarded as an
appealing option for the development of an LAI®**. Owing to the nature of the implants being formed in
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situ post-injection, variability in the shape and structure, as well as burst drug release during the implant's
formation, are key issues. These factors could potentially affect drug release and, consequently, the
pharmacokinetic (PK) profile. If these limitations can be minimized, this formulation technology holds
significant promise®*.

The development of in situ forming implants (ISFI) centers on the creation of injectable liquids that
transform into solid or semi-solid depots following administration'®. The key formulation approaches

include:

2.1.2.1. Thermally Induced Gelation Systems

These systems exploit the temperature-dependent sol-gel transitions of specific polymers:

. Poloxamer-based systems: These utilize the reverse thermal gelation properties of poloxamer 407
(Pluronic F-127) and related block copolymers, which undergo a sol-gel transition as the temperature
elevates from ambient to physiological levels. The critical gelation concentration and temperature
can be modulated by adjusting the polymer concentration (typically 15-25% w/w) or by
incorporating additives such as salts or PEG®.

. Chitosan-based systems: These employ combinations of chitosan with glycerophosphate or other
polyol salts. These mixtures remain liquid at room temperature but gel at body temperature,
rendering them suitable for encapsulating proteins and small molecules??.

. PLA/PLGA-PEG-PLA/PLGA copolymers: These are block copolymers that demonstrate
thermosensitive gelation properties while concurrently maintaining biodegradability, offering
controlled release over periods of 1-3 months??.

2.1.2.2. Phase Separation Systems

These systems utilize solvent exchange mechanisms to precipitate solid implants:

. ATRIGEL® technology: This patented system employs PLGA dissolved in N-methyl-2-
pyrrolidone (NMP) or other water-miscible solvents. The polymer precipitates upon contact with an
aqueous environment, thereby forming a solid matrix. Commercial applications include Eligard®
(leuprolide acetate) and Sublocade® (buprenorphine).

. SABER® technology: This technology utilizes sucrose acetate isobutyrate as a biodegradable
carrier, along with solvents like benzyl alcohol or benzyl benzoate. It is exemplified by the Relday®
risperidone formulation.

. Formulation considerations: Critical parameters include the polymer concentration (30-50% w/w),
the selection of a solvent based on its miscibility and biocompatibility, and the drug loading capacity
(which is typically limited to 10-20% w/w)>.

2.1.2.3. Ion-Activated Systems

These systems gel in response to alterations in the ionic environment:

. Alginate-based formulations: These consist of low-viscosity sodium alginate solutions that
crosslink in the presence of divalent cations (primarily calcium), forming structured hydrogel
networks.

. Gellan gum systems: These are solutions that undergo a sol-gel transition upon exposure to
physiological cations, and are particularly suited for localized delivery applications®.

2.1.3. Oil-Based Formulations

Oil-based LAI formulations were initially introduced in the early 1960s as a solution of a simple ester
prodrug dissolved in sesame oil. Since that time, parenteral long-acting oily (lipophilic) solutions have
seen clinical use, particularly in the fields of schizophrenia and hormone replacement therapy. In many
such formulations, an esterification of the alcohol functional groups of the parent drug with fatty acids is
requisite to achieve appropriate solubility and partitioning within the lipidic vehicle. Typically, vegetable
oils—such as sesame oil, castor oil, arachis oil, or fractionated coconut oil—are employed as the vehicle.
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By modifying the tail length of the fatty acid, the solubility of the prodrug in the oil can be fine-tuned. In
addition to their uncomplicated manufacturing processes and favorable long-term stability, these simple
oil-based solutions provide the possibility of designing depots with tailored delivery characteristics. For
lipophilic drug solutions, the drug release from the vehicle is influenced by three fundamental
physicochemical parameters: vehicle viscosity, drug solubility in the oil vehicle, and drug partitioning
between the oil and the aqueous buffer. Furthermore, these factors may also impact drug loading and
syringeability. Modification of the oil vehicle—with respect to its viscosity, solubilization capacity, and
oil-buffer partition coefficient—can be achieved by using mixtures of triglycerides/synthetic oils or by the
addition of excipients (e.g., hydrogen bond-donating compounds)®. The viscosity of the vehicle is a
parameter that demands optimization to develop a successful formulation. Highly viscous formulations
tend to suffer from poor syringeability and injectability, whereas low-viscosity formulations may release
the drug too rapidly. The addition of a co-solvent, such as benzyl alcohol, may be considered an easy
solution to reduce the overall viscosity, supplemented by an increase in the drug's solubility within the oil
vehicle®. For the optimization of oil-buffer partitioning and/or the oil solubility of drug substances,
another strategy relies on the utilization of prodrug derivatives. To enhance the drug load in the oil
formulation even further, solid drug particles may be dispersed within the oily vehicle®. Finally, several
other factors—such as the injection site, injection volume, the extent of the depot's spread at the injection
site, and the absorption and distribution of the oil vehicle—might also influence the overall
pharmacokinetic profile of the drug.

Most of the FDA-approved formulations use either sesame oil or castor oil, while various fatty acids are
used for the esterification with the parent drugs. In the case of fluphenazine, esterification with decanoic
acid resulted in a greater lipophilicity than the parent compound. When administered in sterile sesame oil,
intramuscular injections of this prodrug exhibit a much longer duration of action than fluphenazine
hydrochloride®’. Flupenthixol decanoate (marketed as Fluanxol Depot injection solution) is the decanoate
ester of a thioxanthene derivative. It is very slightly soluble in water and possesses a logD of 6 at pH 7.4.
The parent compound, flupenthixol, has a calculated logP value of 4.5%. This product is employed to treat
schizophrenia and is administered intramuscularly once every 2 to 4 weeks.

2.1.3.1. Liposomal Formulations

Liposomes—which are phospholipid vesicles enclosing aqueous cores—represent sophisticated delivery

systems capable of encapsulating both hydrophilic and hydrophobic drugs®?. As LAI platforms, liposomes

furnish advantages that include biocompatibility, versatility, and the protection of sensitive therapeutic

molecules. DepoFoam® technology, which utilizes multivesicular liposomes, has facilitated the

development of several marketed LAls, including:

. DepoDur® (morphine sulfate): Provides 48-72 hours of analgesia following a single
administration.

. Exparel® (bupivacaine): Extends the local anesthetic effect to 72 hours for the management of
post-surgical pain.

. DepoCyt® (cytarabine): Permits intrathecal delivery for lymphomatous meningitis, providing
sustained release over 14 days>>.

Advances in liposomal LAI technology through 2025 have encompassed the development of triggered-
release systems that are responsive to external stimuli, as well as surface-modified liposomes possessing
enhanced stability and targeted tissue distribution’®.

This approach is not universally feasible for every drug molecule. Based on information from marketed
products, most oil-based formulations are delivered via the IM rather than the SC route. Additionally, the
effective durations of these oil depot formulations are generally less than 4 weeks. If the intended target
drug release profile extends beyond 4 weeks, or if the parent drug molecule lacks the functional groups
necessary to form stable ester bonds, alternative formulation approaches must be explored.
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2.1.4. Crystalline Drug Suspensions

An aqueous-based LAI suspension is traditionally a preferred formulation strategy, offering several
advantages, including simpler manufacturing processes, higher dose/drug loading per injection, less
dependence on excipients, and likely reduced variability’®. This type of formulation technology is
typically considered only when the APIs are dissolution rate-controlled. To decelerate the intrinsic
dissolution rates of the drug substance, two approaches are frequently contemplated: 1) identifying salt
forms or complexes that exhibit very low aqueous solubility; or 2) reducing the particle dissolution surface
area by forming macrocrystals. If these approaches prove successful and can satisfy the clinical
requirements, simple aqueous suspension dosage forms are generally selected. When this approach is
adopted, the optimization and control of particle size are crucial for achieving the desired in vivo
performance. This is because it has been demonstrated that varying particle size distributions could
potentially influence the observed drug plasma pharmacokinetics’'. Furthermore, this formulation type
necessitates the addition of several other excipients. Excipients used for the stabilization of a suspension
are generally included, such as viscosity enhancers and low levels of surfactants acting as wetting agents.
In addition to suspension-stabilizing excipients, this aqueous-based formulation concept further requires
the optimal levels of osmolytes, preservatives, and buffering agents. The optimization of the formulation
composition—by including different excipients with different functionalities—is essential to minimize the
risk of Ostwald ripening (a process where small drug crystals dissolve and subsequently redeposit onto
the surface of larger crystals) and caking (the sedimentation and agglomeration of drug crystals at the
bottom of vials). These are two common phenomena for crystalline suspensions that could complicate
dosing accuracy, re-suspendability, and injectability. It has been reported that excipients possess the
potential to influence the nature and dynamics of the local inflammatory response, thereby affecting the
drug plasma pharmacokinetics, predominantly in the first few weeks following dosing’!. Further research
is necessary to elucidate the potential influence of excipients on the drug release rate from the depot.

This formulation approach has demonstrated noteworthy success, progressing from R&D phases to
commercial products. Zyprexa is a 1-month depot of olanzapine pamoate, which has an aqueous solubility
of 4.18 pg/ml. Depo Provera is a 3-month depot of medroxyprogesterone acetate, possessing an aqueous
solubility of 2.21 pug/ml”. Based on current marketed products utilizing this approach, the depot effect
durations are generally less than 6 months. If the intended targeted drug release profile extends beyond 6
months, other formulation strategies should be considered. It is also worth noting that most marketed
injectables containing microparticle preparations are particularly susceptible to problems with
injectability. When this approach is used, the total dose can be potentially high, which can be an advantage.
Microparticle suspensions may contain as much as 40% solids which, in combination with a larger particle
size, necessitate a larger needle size (around 18-21 gauge) for injection. The potential for a larger needle
size may limit the utility of this approach as a viable and patient-centric method and should be considered
when selecting the LAI formulation type according to the desired target product profile.

2.1.5. Nanosuspension Formulation Techniques

Nanosuspension LAIs have acquired prominence, attributable to their relatively straightforward

formulation and their suitability for poorly soluble compounds. Key manufacturing approaches include:

2.1.5.1. Top-Down Approaches

. Media milling: This is the predominant commercial technique, exemplified by the NanoCrystal®
technology. It utilizes milling chambers equipped with ceramic/polymeric beads to reduce particle
size via mechanical attrition. Critical processing parameters include the milling duration (typically
30-120 minutes), the size and composition of the beads, the agitation intensity, and temperature
control*?,

. High-pressure homogenization: This method employs pressures of 500-1500 bar to force drug
suspensions through microfluidic channels. This action creates high shear forces and cavitation,
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which reduce particle size. Multiple cycles (customarily 10-20) are required to achieve the target
particle size distribution.

. Stabilizer selection: Surfactants (such as polysorbates, poloxamers, and sodium lauryl sulfate) and
polymers (like hydroxypropyl methylcellulose and polyvinylpyrrolidone) at concentrations of 0.1-
5% wi/v are critical for preventing particle agglomeration and crystal growth??.

2.1.5.2. Bottom-Up Approaches

. Antisolvent precipitation: This involves the rapid mixing of a drug solution (in a water-miscible
organic solvent) with an aqueous antisolvent that contains stabilizers. This process induces
supersaturation and controlled precipitation.

. Emulsion-solvent evaporation: This technique involves creating nanodroplets of a drug-solvent
solution within an immiscible phase, followed by solvent removal to generate solid nanoparticles.

. Supercritical fluid processing: This method utilizes the unique properties of supercritical CO: to
achieve nanoprecipitation with minimal usage of organic solvents®°.

3. MECHANISMS OF DRUG RELEASE FROM LAIS

The therapeutic efficacy and the duration of action for LAI formulations are directly dependent on their

drug release mechanisms, which vary significantly among different formulation types>’.

3.1. Release from Polymer-Based Systems

3.1.1. PLGA Microsphere Release Kinetics

Drug release from PLGA microspheres typically manifests in three distinct phases:

. Initial burst phase: This is characterized by the rapid release of surface-associated and poorly
entrapped drug, generally accounting for 10-30% of the total dose within the first 24-48 hours. This
phase is influenced by the surface characteristics of the microspheres, their initial porosity, and drug-
polymer interactions.

. Lag phase: This is a period of minimal drug release during which water penetrates the matrix,
initiating polymer hydration and early-stage hydrolysis. The duration of this phase correlates with
the polymer's molecular weight and its lactide:glycolide ratio, typically extending from several days
to weeks.

. Erosion phase: This is the predominant release phase, occurring as polymer degradation generates
a sufficient quantity of oligomers to enhance matrix porosity and permeability. This phase typically
demonstrates pseudo-zero-order kinetics, which results from the competing processes of increasing
diffusivity and a decreasing concentration gradient*?,

Mathematical modeling of PLGA microsphere release commonly employs variants of the Higuchi
equation or more complex models that incorporate the kinetics of polymer degradation.

$$M_t/M_oo =k \times t"{1/2}$$

Where $M_t/M_o$ represents the fraction of drug released at time $t$, and $k$ is a constant that
incorporates formulation parameters*®,

3.1.2. In Situ Forming Implant Release Mechanisms

The release kinetics from in situ forming implants are complicated by the dynamic nature of the depot

formation itself:

. Phase inversion dynamics: The rate of solvent exchange and polymer precipitation significantly
impacts the initial drug release. A faster phase inversion is typically associated with a higher burst
release.

. Structural evolution: As solvent diffuses out and water penetrates in, the implant undergoes
morphological changes, transitioning from a gel-like consistency to a more rigid matrix. This
evolution affects the diffusional pathways.
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. Polymer erosion: Particularly in PLGA-based ISFI systems, long-term release is governed by
polymer hydrolysis and matrix erosion, similar to what is observed in preformed implants>’.

3.2. Release from Nanosuspension LAIs

Drug release from nanosuspension LAIs entails a distinctive sequence of events:

. Particle dissolution: The rate-limiting step is typically the dissolution of the drug nanoparticles at
the injection site. This is governed by the Noyes-Whitney equation:

$$dM/dt = (D \times A \times C_s)/h \times (1 - C_t/C_s)$$

Where $dM/dt$ is the dissolution rate, $D$ is the diffusion coefficient, $AS is the surface area, $C s$ is

the saturation solubility, $h$ is the diffusion layer thickness, and $C t$ is the bulk concentration.

. Suspension microenvironment: The local environment at the injection site influences dissolution
through factors that include pH, protein adsorption, and local ion concentration.

. Particle aggregation effects: Alterations in the particle size distribution, resulting from aggregation
or Ostwald ripening, can significantly modify the effective surface area and, consequently, the
dissolution rate over time>,

3.3. Release from Lipid-Based LAI Systems

3.3.1. Oil-Based Formulation Release

Drug release from oil-based LAls adheres to principles of partition and diffusion:

. Partition coefficient effects: The distribution of the drug between the oil vehicle and the interstitial
fluid at the injection site critically determines the release rate. Greater lipophilicity is generally
associated with slower release.

. Diffusion limitation: Drug molecules must diffuse through the oil matrix to reach the oil-water
interface. The diffusion coefficient is influenced by the oil's viscosity and the drug's molecular size.

. Interfacial area: The dispersion pattern of the oil depot affects the effective surface area available
for drug transfer. More dispersed depots typically exhibit faster release’.

4. STRATEGIES TO MANIPULATE DRUG IN VIVO CLEARANCE

4.1. Chemical Modification

The strategy of chemical modification—such as PEGylation, PSAylation, and lipidation, among others—
has been regarded as one of the most efficient approaches and has gained recognition in clinical practice.
This is due to its definite structure, lack of impurity, and the maturity of the available methods’'. The
objective of this strategy is to prolong the half-life of drugs with as little influence on their bio-activity as
possible. This necessitates a comprehensive understanding of the structure-activity relationship (SAR) of
the drugs, as well as the availability of precise site-modification methods.

4.1.1. PEGylation and Alternatives

Polyethylene glycol (PEG), a neutral polyether polymer, has become an indispensable component of drug
delivery systems (DDS)’2. The amphiphilic chain of PEG moieties, which is derived from the
polymerization of ethylene oxide, increases the size of relatively small therapeutic drugs (e.g., peptides,
proteins, and nanobodies) to avoid excessive renal clearance and to prolong their residence time in the
blood circulation, thereby imparting “stealth” properties’. Concurrently, the hydration layer produced by
PEG can also fulfill a protective role, thus preventing the enzymatic degradation of bio-macromolecules’.
Adagen® (pegademase bovine), the first PEGylated product approved by the US Food and Drug
Administration (FDA) in 1990, is a modified enzyme used for treating severe combined
immunodeficiency (SCID) that is associated with an adenosine deaminase deficiency. Since that time,
PEGylation has been considered a well-tolerated module for half-life extension and has been utilized for
50 years’®. It is worth mentioning that PEGylation can be used not only for the direct modification of
drugs but also for the improvement of DDS.
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It is noteworthy that the “PEG dilemma” is introduced subsequent to PEGylation. This phenomenon
affects the interaction between carriers/drugs and cells, and it limits cell uptake and endosomal escape,
resulting in an inevitable loss of bioactivity’’. Therefore, cleavable PEG derivatives—which contain
bonds that are easy to break under specific physiological and pathological conditions—are designed to
overcome the aforementioned limitations’”. The reported sensitive bonds for cleavable PEG derivatives
include peptide bonds, disulfide bonds, vinyl ether bonds, hydrazone bonds, and ester bonds, as well as
other types of bonds®!. The TransConTM technology platform, developed by Ascendis Pharma, provides
a new strategy that preserves the activity of therapeutic drugs and supports a dosing frequency ranging
from a daily basis up to a monthly basis. It achieves this by combining the benefits of prodrugs with a
sustained release mode®?. Several candidate drugs (e.g., TransCon PTH, TransCon hGH, TransCon CNP,
etc.), based on TransconTM technology, have been developed and are in clinical trial stages®’. For
example, TransCon parathyroid hormone (PTH), an inactive prodrug for SC administration, is developed
to maintain a sustained release of PTH in the bloodstream, thereby overcoming the limitation regarding
the use of short-acting PTH in the treatment of hypoparathyroidism (HP). The PTH is transiently bound
to methoxypolyethylene glycol (mPEG) via a TransCon linker to form TransCon PTH. The protective
carrier possesses the ability to inactivate and shield PTH, and it prolongs the circulation time of the
hormone due to its reduced renal clearance. Under physiological conditions, active PTH is sustained-
released with a half-life of approximately 2.5 days®*. Recently, reported phase I data support TransCon
PTH as a daily replacement therapy for the treatment of HP, providing a physiological level of PTH
throughout the day and prompting advancement into a phase II clinical trial®,

It cannot be ignored that PEG is immunogenic and non-degradable [86,87,88]. Consequently, developing
alternative polymers to PEG has received significant attention within the pharmaceutical industry
[89,90,91]. Poly(2-methyacryloyloxyethyl phosphorylcholine) (PMPC), a type of non-PEG-based
degradable polymer, was synthesized and coupled to interferon-a-2a to form PMPC-interferon-o-2a,
which possesses a longer half-life than PEG-modified interferon-a-2a’2. Additionally, naturally
degradable polymers—including polysialic acid (PSA), hydroxy-ethyl-starch (HES)?*, and hyaluronic
acid (HA)—have also been applied for prolonging half-life as alternative materials to PEG**. PolyXenTM
technology, developed by Xenetic Biosciences, Inc., is an enabling platform for peptide and protein drug
delivery. PolyXenTM technology utilizes proprietary technology to conjugate hydrophilic and
biodegradable PSA molecules to specific sites of therapeutic drugs for the purpose of prolonging their
half-life and improving their stability in vivo. Both the length and the modification site of the PSA chain
can alter the apparent hydrodynamic radius of the molecule, which in turn influences the properties and
biological characteristics of the therapeutic'’. Furthermore, a carbohydrate shield, termed “glycocalyx,”
is formed around the therapeutic molecule following PSAylation. This protects the drugs, rendering them
less exposed to the immune system and clearance systems, including renal clearance and serum proteases.
Several polysialylated candidates, such as polysialylated erythropoietin (PSA-EPO) and polysialylated
recombinant factor VIII (PSA-FVIII), have been applied in clinical development®. The former is currently
in phase III of clinical trials, and the latter is in phase I.

4.1.2. Lipidation

Human serum albumin (HSA), the most abundant protein in plasma, has a long average half-life of 19
days and possesses the function of transporting both exogenous and endogenous compounds®®. On this
basis, conjugating a fatty acid chain to a therapeutic protein can enhance its non-covalent combination
with albumin in vivo, thus achieving a prolonged half-life. This strategy has been successfully applied in
the modification of insulin and glucagon-like peptide-1 (GLP-1) for half-life extension. Levemir® (insulin
detemir), approved by the FDA in 2004, is an insulin analog in which the Lys29 is myristoylated at the
amino group of the side chain. This modification allows for reversible combination with albumin,
promoting a longer action time and more stable efficacy”®. Following modification, the long distribution
phase of insulin detemir, which is about 8 hours after SC administration, is sufficient to achieve a once-
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daily administration®. A similar strategy was utilized for liraglutide, which is an insulinotropic GLP-1
analog. The Lys26 of liraglutide is modified with a palmitic acid chain to achieve a half-life of 13 hours
after SC administration. In addition, the strategy of lipidation is widely applied to optimize drug properties
to meet the requirements of various preparations. Although lipidation-based prodrug strategies hold
promise for the clinical translation of LAls, it is essential to note that this strategy is not suitable for all
drug molecules to be modified, especially in cases where a hydroxyl group or carboxyl group for
esterification is lacking.

4.1.3. Nucleic Acid Modification

Gene therapy, which is based on nucleic acid drugs [e.g., antisense oligonucleotide (ASO), siRNA,
miRNA, saRNA, aptamer, etc.], is considered one of the promising strategies for precision medicine
through the up-regulation or down-regulation of target genes in specific cells. However, native nucleic
acid drugs still present many difficulties that must be overcome, such as poor stability, rapid degradation
by RNase, rapid clearance by the kidneys, immunogenicity, and low cell uptake'8. To improve their
properties, the structures of nucleic acid drugs can be optimized through chemical synthesis'?. In general,
backbone modifications [e.g., phosphorothioate (PS), peptide nucleic acids (PNAs), etc.] can enhance
nuclease resistance, improve pharmacokinetic characteristics, and facilitate cell uptake. Moreover, sugar
modifications [e.g., 2’-O-methyl (2'-OMe), 2'-O-(2-methoxyethyl) (2'-O-MOE), 2'-fluoro (2'-F), locked
nucleic acid (LNA), 4'-C-ethylene-bridged nucleic acid (ENA), etc.] may reduce immunogenicity and
toxicity, enhance RNA binding affinity, and increase stability and bioavailability!®!. Owing to the
advanced development of nucleic acid chemistry, more than ten nucleic acid drugs have been approved
on the market. Among these, the recently approved siRNA products, Givlaari® (givosiran) and Oxlumo®
(lumasiran), developed by Alnylam Pharmaceuticals, represent a surprisingly long-term effect after the
initial dosing. This is achieved through the combination of GalNAc conjugation technology and enhanced
stabilization chemistry (ESC) modification technology. At present, dozens of siRNA drugs developed by
Alnylam Pharmaceuticals are in clinical trials. Among them, inclisiran (ALN-PCSsc) is utilized in the
treatment of hypercholesterolemia and is currently in a phase III clinical trial. The advantage of treating
with inclisiran is that the LDL-C level can be reduced by more than 50% with only two injections per
year'®®, If inclisiran proves successful in clinical trials, it will overturn the existing chronic disease
treatment model'®. Recently, Brown et al.!” investigated the pharmacodynamic durability of GaINAc—
siRNA conjugates. They found that the long-term stability of the modified siRNA in acidic intracellular
compartments plays a key role in its long-term activity. The siRNA can sustainably escape from these
acidic intracellular compartments, which serve as a long-term depot, and subsequently, over time (possibly
even weeks), enable RNA interference (RNAI1) activity in the cytoplasm after dosing.

Gene therapy holds broad promise for the treatment of multiple human diseases, such as genetic disorders,
cancers, and virus infections. Nucleic acid chemistry has been approved as an effective way to achieve
increased stability, enhanced tissue specificity, and reduced toxicity. Although the long-term mechanism
of recently approved gene drugs has not been clarified, numerous experiences and excellent progress
associated with gene therapy have been achieved over the past 20 years. Its long-term effect may be
subversive to the existing treatment model.

4.2. Fc/HSA Fusion

The strategy of Fc fusion provides a therapeutic protein with a longer half-life by combining it with the
Fc domain of an immunoglobulin G (IgG)'%. Enbrel® (etanercept) was the first Fc fusion protein
approved by the FDA in 1998; it is comprised of the extracellular region of tumor necrosis factor receptor
2 (TNFR2) and has been used in the treatment of rheumatoid arthritis'%. To date, more than ten products
based on Fc fusion proteins have been approved by the FDA. On one hand, the binding of the Fc-domain
makes the size of the therapeutic protein larger than the threshold of kidney filtration, resulting in a longer
circulation time. On the other hand, the added Fc-domain has the ability to further prolong the circulation
time through the neonatal Fc receptor (FcRn) mediated recycling procedure!'’. Most Fc-fusion proteins
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possess the structure of a drug-Fc homo-dimer, represented as (drug-Fc).. Because of the adjacency of the
two drug-Fc monomers, the Fc-fusion proteins can show physical instability and decreased bioactivity. To
solve these issues, the drug-Fc.. containing a protein linked to two Fc domains, has been developed and
clinically approved. Eloctate® (recombinant factor VIII Fc fusion protein) and Alprolix® (recombinant
factor IX Fc fusion protein), both based on drug-Fc., were approved by the FDA in 2014!!3, However, due
to impurity and low production yields, this technology cannot be utilized for all kinds of protein drugs.
Besides, several protease cleavage sites, and the reduction of disulfide bonds in the hinge region, introduce
potential instability to the fusion proteins. To overcome the above limitations, Zhou et al.!'* developed a
novel kind of Fc fusion strategy based on a long and flexible glycine—serine (GS) linker between the two
Fc chains, and removed the hinge sequence to form a single chain Fc-dimer, represented as sc(Fc).. In this
study, human growth hormone (hGH) was modified by sc(Fc): to create a novel fusion protein, which
showed a longer half-life and increased bioactivity compared to traditional Fc fusion-based proteins.

Recently, HSA fusion technology has also been utilized for extending the half-life of therapeutic proteins,
owing to the special kinetic properties of HSA!'!>. The mechanism of HSA fusion in prolonging half-life
is the same as that of Fc fusion'!”. Meanwhile, HSA exhibits features of low immunogenicity and high
biocompatibility!". Tanzeum® (albigutide), a GLP-1-HSA fusion protein approved in 2014, is the first
product based on HSA fusion for the treatment of type 2 diabetes'?’. The half-life of native GLP-1 is 1-2
min, whereas the half-life of albigutide is 4—7 days, which can greatly reduce the frequency of
administration in the clinic. In 2016, Idelvion® (coagulation factor IX recombinant human), an HSA
fusion of coagulation factor IX, was also approved by the FDA for the treatment of hemophilia B'?!. In
addition, Lee et al.'?* developed a novel drug delivery system through the genetic fusion of an anti-FcRn
affibody (AFF) and an albumin-binding domain (ABD) to therapeutic proteins. A synergistic effect on
prolonging the plasma residence time can be achieved by the ABD-mediated albumin binding and the
AFF-mediated FcRn binding. This ABD-AFF fusion strategy was applied to exendin-4 to form EX-ABD-
AFF, which revealed a longer half-life and a better hypoglycemic effect than the control group in mice.
Fc/HSA fusion proteins, when compared to traditional therapeutic proteins, represent many improved
characteristics and have received extensive attention around the world. With the increasing complexity of
fusion proteins, highly analytical and bioanalytical strategies must be established to achieve their
comprehensive characterization. Fusion proteins can not only prolong the circulation half-life of
therapeutics but also achieve superior therapeutic efficacy. Therefore, they have been increasingly
recognized as useful and safe therapeutic proteins.

4.3. Cell-Mediated Biomimetic Strategies

To date, a series of nanoparticles (NPs) have been prepared for the treatment of disorders such as malignant
tumors, diabetes, and cardiovascular diseases, but few of them have been applied in the clinic. These
nanomedicines are still recognized as “foreign objects” and are either resisted out of the physiological
barrier or cleared quickly from the body. Biomimetic strategies, such as RBC-hitchhiking and membrane
engineering, endow NPs with new properties, including prolonging circulation time, evading the host
immune response, and targeting specific sites [113, 114, 115, 116]. Different cells possess different
functions. According to the different design requirements for the DDS, appropriate cells are selected to
modify the NPs'!”. Various cells, such as platelets, red blood cells (RBCs), tumor cells, lymphocytes, and
macrophages, have been modified to act as “chaperones” for NPs!!'®. Among these, RBCs and platelets
are often used in the study of long-acting preparations due to their special properties'®.

RBCs are approximately 7 um in diameter and possess a long-circulation property (~120 days in humans).
Their highly malleable and flexible biconcave shape allows them to squeeze through capillary venules,
which ultimately facilitates efficient gaseous exchange. The plasma membrane from an RBC contains
more than 300 proteins, among which, CD-47, a surface receptor protein, acts as a “self-recognition”
protein that helps the cell to avoid the immune system. Immobilizing nanoparticle-based therapeutics onto
the surface of RBCs for transportation, commonly referred to as RBC-hitchhiking, is considered a
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promising strategy for increasing the blood circulation lifetime. In 2010,'?! first reported the adsorption
of amphiphilic polymers onto the surface of RBCs and proposed the idea that RBC-hitchhiking can
potentially extend circulation time. Following that, Anselmo et al.!*? reported that the noncovalent
attachment of NPs to RBCs can significantly increase the circulation time of NPs in the blood and their
transient accumulation in the lung over a 24-hour period, while concurrently decreasing the uptake of NPs
by the spleen and liver. In this study, RBC-hitchhiking mediated NPs represented a three-fold higher
retention in circulation and a seven-fold increased accumulation in the lung. Moreover, biomembrane
engineering has been developed to form biomimetic nano-DDS, which retain the functional membrane
proteins from the origin cells'?*. In 2011, Hu et al.!?* first reported a biomimetic delivery system based on
RBC membrane-camouflaged polymeric NPs. The biomimetic particles in this study revealed significant
retention in the blood circulation 72 hours following an intravenous (iv) injection. Recently, Gao et al.!?®
reported a strategy that combined HSA binding and RBC membrane engineering. RBC membrane-
camouflaged HSA NPs were constructed to deliver antioxidants for relieving Alzheimer’s disease
symptoms, providing long-term circulation and improved biocompatibility. Similar to RBCs, platelets also
have the ability to escape uptake by macrophage cells and prolong circulation time in vivo due to the “self-
recognition” proteins, like CD47, on their membranes''®. Platelet-based biomembrane engineering has
been widely used in NPs delivery for long-circulation'?’. Hu et al.'?® developed a core—shell nano-carrier
coated with a platelet membrane (PM) for the targeted delivery of anti-tumor drugs. Besides the enhanced
anti-tumor efficacy, this kind of nano-vehicle can achieve prolonged blood circulation and effectively
eliminate in-circulation tumor cells in vivo, which ultimately inhibits the development of tumor metastasis.
The strategy of biomimetic material engineering provides significant inspiration for the preparation of
multifunctional DDS. A large number of long-acting preparations based on bionic strategies have been
reported. However, due to difficulties in obtaining raw materials, complicated preparation processes, and
complex components, biomimetic preparations lack advantages in clinical transformation. Therefore, the
design of drug delivery systems involving biomimetic technologies must adhere to the principles of
scalability and reproducibility in order to turn scientific advances into clinical applications.

5. CHARACTERIZATION OF LAI’S THROUGH IN VITRO APPROACHES

This section highlights the key considerations for the characterization of LAls at various phases of product
development, aiming to provide a holistic insight into LAI product performance. The PK, of LAI
formulations can be influenced by a number of factors. These include the attributes of the drug substance
and/or drug product that impact drug release, as well as physiological factors related to the formation of a
drug depot at the site of injection and the subsequent inflammatory response'?’. Therefore, to effectively
design an LAI drug product with the desired PK profile features—such as a blunted Cmax and prolonged
exposure above Cmin or Ctrough—it is essential to develop a mechanistic understanding of the factors
influencing LAI product performance. To mechanistically understand the multi-factorial interaction
effects of chemistry and manufacturing controls (CMC) and physiological factors on LAI
pharmacokinetics, it is helpful to adopt a holistic view of these factors. In this section, a summary of these
integrated in vitro considerations is presented, along with a discussion on the current knowledge gaps in
this space and the opportunities for further enhancing the mechanistic understanding of LAI product
performance.

5.1. In Vitro Characterization of LAI

In contrast to the advanced understanding of the fate of an orally administered drug, the field of LAIs is
still in its infancy, with many questions yet to be answered. This is reflected in the lack of a standard
compendial dissolution method for the assessment of LAIs. The development of in vitro models to support
the selection of formulation candidates and process optimization for LAIs usually relies on tools that are
more frequently applied to orally administered drugs. The absence of compendial in vitro dissolution
methods also complicates the regulatory approval process, resulting in potential delays in obtaining
endorsement from health authorities. To meet the increased demand and interest from industry in the
development of long-acting injectables, the USP Subcommittee on Parenterals published a stimuli article
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in 2018. This article discussed in vitro drug release methods for non-solution-based parenteral
formulations and the challenges involved in using these methods'32. USP further published a draft chapter
<1001> In vitro release test methods for parenteral drug preparations in 2020, which provides guidance
on in vitro release methods to assess the performance of parenteral drug products'*. Several experimental
in vitro models are described for investigating the performance of a variety of parenteral dosage forms,
including suspensions, nanosuspensions, microparticles, liposomes, implants, in situ forming implants,
drug-eluting stents, emulsions, and solutions.

The development of an in vitro method for LAIs is challenging because of the complex nature of the drug
release mechanism, the diversity in compendial and developmental release testing specifications, and the
uniqueness of different formulation design approaches'**. As explained earlier in this manuscript, the drug
release mechanisms from the different formulation technologies can be meaningfully different. In the case
of polymer-based LAI formulations, the rate of drug release can be effectively tuned based on the selection
of the polymer and formulation optimization. On the contrary, for drug crystal suspension-based LAlIs, the
intrinsic properties of the drug substance attributes, such as particle size, and formulation attributes, such
as flocculation behavior, dictate the release behavior. For a suspension designed to be a weakly flocculated
formulation, the flocculation behavior of the formulation affects not only the physical stability of the
suspension but also the drug dissolution rate and possible variations in clinical outcomes'*. For lipid-
based LAls, drug release is governed by the solubility and partition coefficient of the drug molecule
between the lipid vehicle and the tissue fluid surrounding the injection site.

Since it is very difficult to have a universal in vitro release (IVR) test that can be predictive of the in vivo
performance of all these LAI formulation approaches, a variety of IVR methods have been used to
characterize drug release from LAI formulations!*®. This section provides a summary of the application
of different in vitro methods and test conditions, supplemented with their advantages and limitations.

5.2. Dissolution Media

Appropriate dissolution media are selected to provide either sink or non-sink conditions, based on the
solubility of the drug and the dose, to properly characterize drug release from LAI formulations. For drugs
with low aqueous solubility, surfactants (e.g., polysorbate 80, polysorbate 20, and sodium lauryl sulfate)
are typically included in the media to obtain sink conditions. Various simulated body fluids are also used
for in vitro dissolution testing to simulate the in vivo conditions after intramuscular or subcutaneous
injection. Examples of biorelevant dissolution media include simulated body fluid (SBF), with an ion
concentration close to that of human plasma, simulated muscular fluid (SMF), and phosphate buffer (PB).
Table VI (not included in original text, reference maintained) describes the compositions of these

biorelevant dissolution media'>°.

5.3. Dissolution Methods

The field of in vitro release characterization of LAls is still nascent and, presently, there are no standard
compendial dissolution methods for LAIs to support the selection of formulation candidates and process
optimization. Among the proposed in vitro tools, sample-and-separate models and the USP IV apparatus
based on flow-through cells are the most widely applied in vitro models for the evaluation of LAIs'#?. This
technique is popular for assessing polymeric microparticle-based drug delivery systems, as this method
only requires low volumes, resulting in small drug product needs, which is beneficial in early formulation
development. Furthermore, no complex protocols or sample handling procedures are required. Upon
suspending the formulation in dissolution media within a vessel (e.g., tube, bottle, or flask), drug release
is monitored over time by analyzing the supernatant concentration. This is the basic principle of the
sample-and-separate method. Since the formulation is suspended in the dissolution media, samples must
be further separated by centrifugation or filtration to remove solid particles before determining the
concentration. Sample separation can be challenging for nanoparticle formulations. Due to the small size
of the drug particles, it is very difficult to separate them from the media in an efficient and rapid way
without influencing the drug release profile!*’. This system often lacks good robustness due to overly
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gentle agitation, the loss of multiparticulates during sampling, and the use of different geometries of
vials/vessels, potentially resulting in significant intra-laboratory variability.

As per the FDA perspective paper on dissolution testing published in 2011, for parenterals, implants,
microparticles, and suspensions, if there is no USP or FDA-recommended method, the Division of
Bioequivalence (DBE) requests that firms develop a drug release test using USP 1V, or, if applicable, USP
11 or any other appropriate method, for comparative evaluation by the DBE'**. Based on a survey of FDA-
approved injectable products, the most used dissolution method is the USP IV. The USP IV dissolution
apparatus is considered a reasonable alternative to assess drug release from LAI formulations!#S. The
design of the USP IV allows for representative in vivo hydrodynamics and maintains sink conditions, as
it can have a continuous flow of a small volume of dissolution media through the formulation, which is
immobilized in the flow cell. To accommodate the characteristics of different formulation technologies,
modifications and adapters for the flow cell have been developed. It is recommended to mix glass beads
with the formulation microparticles to avoid aggregation and to provide consistent flow during dissolution
testing'*’. A dialysis adapter was designed, using dialysis tubing, to fit over a compartment within the flow
cell for nanoparticulate formulations (e.g., nanosuspensions, liposomes).

Besides sample-and-separate models and the USP IV dissolution apparatus, dialysis systems are valuable
for studying drug release from polymeric microparticles or in situ depot-forming systems. The dialysis
membrane method physically separates the formulation from the dissolution medium, and only the
released drug can pass through the membrane. Both rotating dialysis cell models and Float-A-Lyzer
methods have been regularly applied by different research groups, whereby the inside volume of the
dialysis bag containing the formulation of interest should be substantially lower (typically 6—10 times)
than that of the outer release media to guarantee a driving force for drug transport. However, this method
is not feasible for viscous formulations due to the lack of appropriate hydrodynamics inside the dialysis
tube, which increases the risk of particle aggregation and could ultimately result in an excessive lag in
drug release. To overcome this challenge, a reverse dialysis tube method was developed, where the
formulation is directly added to the bulk dissolution media, and samples are collected from the inside of
the dialysis tube!*. A side-by-side dialysis method, which utilizes a donor and an acceptor diffusion cell
separated by a dialysis membrane, has also been reported'>’. This method is performed by loading a
formulation in the donor cells and collecting samples from the receptor cell. The pore size of the
membrane, i.e., the molecular weight cut-off (MWCO), is suggested to be approximately 100 times that
of the molecular size of the drug of interest to ensure that free drug diffusion through the dialysis
membrane is not a limiting factor'>!. To provide a driving force for drug transport across the dialysis tube
membrane, it is recommended that the inside volume of the dialysis tube should be at least 6- to 10-fold

less than that of the bulk dissolution media'*?.

In addition to the methodologies listed above, the SCISSOR (i.e., SubCutaneous Injection Site Simulator)
system is another valuable in vitro instrument. It is designed to closely approximate the stress conditions
and environmental transitions a drug might encounter when injected into a subcutaneous environment'>,
The drug of interest can be injected using the final device (i.e., a syringe) into a cartridge representing the
extracellular matrix (ECM) to simulate in vivo conditions. The ECM is embedded in a dialysis-based
chamber, which has the potential to be filled with different compositions and concentrations of
constituents, and which is immersed in a chamber containing a high volume of bicarbonate-based
physiological buffer to simulate drug migration from the injection site into the blood and/or lymph
capillaries. This system aims to better understand the interactions between the injected drug formulations
and the subcutaneous environment in a physiologically relevant way. In contrast, the previously discussed
in vitro methods rather pursue the study of drug release in a robust environment. Some critical aspects of
the in vivo subcutaneous space are not well captured in simpler in vitro tools, resulting in incomplete
predictions of the in vivo release behavior. Furthermore, none of the discussed in vitro models are able to
account for inflammatory tissue reactions or injection site reactions (ISRs), which may potentially modify
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the release of the drug out of the microparticles by affecting the rate and mechanism of polymer
degradation. Other factors increasing the risk of a mismatch between in vitro and in vivo release rates are
the lack of enzymes responsible for any polymer degradation in the currently applied in vitro methods, or
the absence of lipids which may contribute to drug diffusion, and endogenous compounds controlling the
pH environment in the subcutaneous area. Finally, currently available tools do not allow for a proper
simulation of fluid volume and convection, resulting in a gap between in vitro release profiles and the
observed clinical PK'>*,

5.4. Accelerated vs. Real-Time In Vitro Dissolution Testing

The lack of compendial in vitro dissolution methods for the evaluation of parenteral drug formulations
complicates the approval process by regulatory authorities’!. Therefore, members of the “General
Chapters — Dosage Forms Subcommittee on Parenterals” published a stimuli article to provide guidance
on in vitro release methods to assess the performance of LAI drug preparations’!. Several experimental in
vitro models are described for investigating the performance of a variety of parenteral dosage forms,
including suspensions, microparticles, liposomes, implants, emulsions, and solutions. Typically, these
models allow for the investigation of drug release under accelerated conditions, since real-time release
testing (RTRT) conditions often result in lengthy experiments. RTRT conditions aim to simulate the in
vivo release kinetics in a physiologically relevant manner to gain mechanistic insights into the release
kinetics of the drug from the formulation matrix and potentially to develop an in vitro-in vivo correlation
(IVIVC). The duration of these experiments is typically not ideal from a project development timeline
perspective. Accelerated in vitro release (IVR) testing is, thus, often considered a practical alternative, as
it significantly shortens the time required to investigate drug release. Ideally, accelerated IVR tests should
only increase the drug release rate without altering the mechanism of drug release'>. However, a different
mechanism of release is acceptable if the accelerated release method enables discrimination of batches
according to the specifications set and demonstrates a similar rank-order relationship of different
formulations compared to the real-time release method. Factors that could be modified to obtain
accelerated release conditions include pH, agitation rate, temperature, enzymes, surfactants, ionic strength,
and solvent!®’.

Elevated temperature is the most used approach to accelerate drug release from polymeric-based
formulations. At an elevated temperature (typically 45 °C — 70 °C), the polymer hydration and degradation
rate increase, which results in accelerated drug release via polymer erosion!>®. Polymer molecular mobility
also increases at elevated temperatures, leading to accelerated drug release via diffusion!'8. It is
recommended that the elevated temperature should be controlled to below the polymer glass transition
temperature (Tg), since the release mechanism may be altered at temperatures above the Tg!>®. The
elevated temperature approach has been shown to be predictive of real-time release data for erosion-
controlled systems but could not discriminate between formulations of diffusion-controlled systems'®.
Changes in microsphere morphology (e.g., microsphere surface pore closure, microsphere aggregation)
caused by polymer plasticization under elevated temperatures may reduce the drug release rate and affect
the initial burst release phase'®. Therefore, using real-time studies to assess the initial burst release is
necessary to complement the accelerated release test.

Furthermore, pH can accelerate the hydrolytic degradation of polymers such as PLGA, resulting in faster
drug release. In acidic conditions, the polymer undergoes bulk erosion, similar to the degradation
properties obtained at pH 7.4, whereas in basic conditions (pH > 13), degradation follows surface
erosion'®’. Compared with elevated temperatures, pH does not have a significant effect on accelerating
drug release, and extreme pH conditions may not be suitable for drugs that are unstable under these
conditions. The addition of surfactants in the dissolution media facilitates wetting and allows for faster
penetration of the media into the formulations, increasing drug solubility and preventing particle
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aggregation'®!. The addition of acetonitrile to the dissolution medium has been shown to increase the
porosity of PLGA-based formulations and accelerate drug release from the polymer matrix!'®.
Accelerated release methods are of particular interest for quality control purposes and for guiding
formulation development, which increases the chance of meeting project key milestones in a timely
manner' %,

Currently available systems need to be further optimized and validated to improve their predictive capacity
and to assess the sensitivities of critical quality attributes (CQAs) and their effect on the performance of
LAI products. This can only be accomplished when our understanding of the in vivo release mechanism
and the variables affecting in vivo drug release is improved. Until then, the establishment of predictive in
vitro release methods for LAI formulations will remain challenging, and significantly longer approval
processes at health authorities should be anticipated in project timelines compared to oral product
development.

6. LAI QUALITY ATTRIBUTES
Like any other drug product, the quality attributes for long-acting injectables can be broadly bucketed into
three categories (as seen in Table I): 1) patient convenience/compliance-related, 2) efficacy-related, and
3) safety-related.

Table I: Long-Acting Injectable Device, Drug Substance and Formulation Attributes’

Patient convenience/compliance Efficacy Safety
Injectability Drug Loading Local tolerability
Syringeability Assay/Identification  Sterility
Local tolerability Drug release Bioburden
Volume of injection Formulation stability Physico-Chemical Stability
Viscosity
Particle morphology

Syringeability (the ability to be transferred from a vial through a conventional needle into a syringe) and
injectability (the transferring of the contents of the syringe into the body) are two of the most important
quality attributes in the patient convenience-related category. These two quality attributes play a
significant part in the LAI administration efficiency*®. Ideally, the product should be such that injection
can be done through a smaller needle size, reducing local tissue damage and associated pain, and
enhancing patient compliance®®. A high level of control over the particle size, shape, density, viscosity,
and suspension concentration is required, as large particles or aggregates in the formulation often cause
needle clogging®. Typical injectable microparticles range in size from 10-250 pm (or ideally 10-125
um). This size range has been linked to reduced macrophage phagocytosis and local tissue inflammation.
Viscosity is also an important parameter to be considered, as it influences both syringeability and
injectability. Other factors, such as concentration and drug loading, also influence syringeability and
injectability, as the dosage volumes are typically limited for IM and SC administration. For example, if
drug loading is limited due to the physicochemical properties of a low-potency drug molecule, a high
dosing volume may be required, thus affecting syringeability and injectability.

From an efficacy standpoint, the drug release kinetics from an LAl is a critical quality attribute, in addition
to the attributes related to the potency of the drug product. Given that many of the drugs considered for
sustained release as an LAI are potent molecules with narrow therapeutic indices, dose dumping is a key
concern. Therefore, it is imperative that once inside the body, an LAI should have a well-characterized
burst-release profile and deliver a robust, consistent extended drug release for a period suitable to
guarantee the therapeutically relevant concentration in the blood or locally in a specific tissue and/or
organ. This must be accompanied by predictable degradation kinetics that can be tied to the drug release
rate. In addition, the LAI needs to remain at the injection site for an extended period of time.
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The safety of LAIs is foremost for them to accomplish the above-mentioned targets for efficacy and patient
compliance. In some cases, the development of an oral formulation is pursued to get a better understanding
of the safety profile of the compound in a more short-lived setting. As with any other injectable, LAIs
need to be sterile, biocompatible, non-immunogenic, and show negligible local adverse effects. Sterility
for standard parenteral solutions is obtained by filtration, and this results in a low risk of foreign particle
contamination. Microparticles and implants cannot be sterile-filtered; therefore, alternative methods to
control the level of foreign particles are required. Preparation under aseptic conditions is one method, but
it comes with high production costs. An aseptic manufacturing process ensures the sterility of the drug
product; however, it adds complexity to the process train. Terminal sterilization is the preferred way to
ensure the sterility of the final drug product, as LAIs typically cannot be sterile-filtered [43—46]. Dry heat
and steam, two commonly used methods for terminal sterilization, cannot be used in this case because of
the required high temperature, which is not suitable for PLGA microparticles or implants. Ethylene oxide
gas is also not suitable, as it may release toxic residues. Therefore, the commonly used methods for
terminal sterilization of PLGA microparticles and implants are y- and x-ray irradiation. Highly efficient
with low thermal effects, a wide range of drug products of diverse materials can be treated. However, the
impact of terminal sterilization on the drug release profile must be understood. For example, polymers
such as PLGA demonstrate a dose-dependent degradation upon exposure to irradiation. A change in
polymer structure or its polydispersity can significantly impact the drug release profile. Therefore, it is
important to evaluate the impact of irradiation in early-stage development.

The sections below review some of the common manufacturing processes used to manufacture LAIs,
highlighting the impact of manufacturing process parameters on quality attributes wherever feasible.

7. FUTURE PERSPECTIVES

7.1. Unmet Clinical Needs and Opportunities

Several therapeutic areas represent significant opportunities for LAI development:

. Biologics delivery: The development of LAI platforms for monoclonal antibodies and other
biologics could potentially transform treatment paradigms for conditions that currently require
frequent administration.

. Central nervous system drug delivery: Overcoming the limitations of the blood-brain barrier
through specialized LAI formulations is a key opportunity, particularly for neurodegenerative
conditions.

. Combination therapy LAls: The co-delivery of multiple therapeutic agents, featuring
synchronized or sequential release profiles, could address complex disease mechanisms*®.

7.2. Sustainability Considerations
There is an increasing focus on the environmental impact of pharmaceutical technologies:

. Biodegradable delivery systems: The development of completely bioresorbable systems that leave
no permanent residues or require surgical removal is a key goal.

o Green manufacturing processes: The implementation of solvent-free or aqueous-based
manufacturing technologies aims to reduce the environmental impact of LAI production.

. Extended duration formulations: Ultra-long-acting systems (e.g., 6-12 months) would reduce the

frequency of medical interventions and the associated generation of waste®.

8. CONCLUSION

Long-acting injectable formulations have undergone a dramatic evolution since their introduction in the
1950s, fundamentally transforming treatment paradigms across multiple therapeutic areas. From
elementary oil-based suspensions to sophisticated, nanotechnology-enabled delivery systems, LAls have
consistently confronted the fundamental challenges of medication adherence and pharmacokinetic
optimization.
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The field continues to advance through the integration of smart materials, precision manufacturing
technologies, and design approaches driven by artificial intelligence. Contemporary LAI development is
increasingly focused on applications in personalized medicine, targeted tissue delivery, and platforms
designed for the administration of complex biologics.

Despite significant progress, substantial challenges persist in manufacturing scalability, and the
establishment of clear regulatory pathways for innovative technologies. The continued evolution of LAI
technologies promises to further broaden their clinical applications while concurrently enhancing patient
outcomes. This will be achieved through improved pharmacokinetics, reduced administration frequency,
and enhanced therapeutic precision.

As we look toward future innovations, the convergence of advanced biomaterials, nanotechnology, 3D
printing, and artificial intelligence will likely yield increasingly sophisticated LAI systems. These future
systems may be capable of responding to physiological conditions, delivering complex therapeutic
regimens, and providing truly personalized medicine solutions.
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