Experimental Advances in Drug Solubility and AI-Driven Strategies for Drug Solubility Enhancement: Current Trends and Future Prospects
Abstract	
The aqueous solubility of a drug is a fundamental determinant of its therapeutic efficacy, directly influencing dissolution rates, absorption, and systemic bioavailability. Currently, a significant portion of new drug candidates face challenges related to poor aqueous solubility, particularly those within Biopharmaceutical Classification System classes II and IV. This review explores the latest advancements in both traditional and AI-driven methodologies for enhancing drug solubility, critically examining their mechanisms, applications, and impact on drug development. The current published literature was exhaustively explored and gathered from reliable sources. Results from the literature search revealed that physical techniques like micronization and others increase the contact surface area to enhance solubility, which has been shown to increase the dissolution of poorly aqueous soluble drugs. Beyond traditional methods, the scope of emerging technologies, such as 3D printing for customized formulations, co-amorphous systems, and the integration of artificial intelligence in formulation development, has also been reported. Furthermore, this review emphasises that selecting the optimal solubility enhancement strategy is essential for achieving objectives like reduced dose frequency, improved patient compliance, and maintaining low production costs. By systematically analyzing the advantages and limitations of diverse methodologies, this review will guide researchers and formulation scientists in developing successful pharmaceutical products for poorly water-soluble drug candidates. 
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1. Introduction
The aqueous solubility of a drug is a critical determinant of its therapeutic efficacy, directly impacting its dissolution rate, absorption, and ultimately, its bioavailability (Kumari et al., 2023). Poor aqueous solubility presents a significant challenge in pharmaceutical development, particularly for compounds classified under Biopharmaceutical Classification System classes II and IV, often necessitating innovative formulation strategies to achieve therapeutic concentrations (Halder2, 2025). This issue stems from the intrinsic difficulty of poorly soluble compounds to dissolve in biological fluids, which limits their systemic availability (Singh, 2026). Such poor solubility is a major impediment to the development of new drug candidates, often leading to erratic absorption, reduced efficacy, and increased dosage requirements. Consequently, a significant number of drug candidates encountered in early development phases exhibit poor solubility, necessitating advanced formulation techniques to ensure their therapeutic viability (Das et al., 2020). A major hurdle in the formulation of new chemical entities is the enhancement of drug bioavailability and solubility, which has led researchers to explore numerous techniques, including novel excipients, to improve the solubility of poorly soluble molecules (NARMADA, 2023). Given that approximately 40% of marketed active pharmaceutical ingredients and nearly 90% of drugs in development are poorly water-soluble, optimizing solubility is crucial for successful therapeutic outcomes (Mendyk et al., 2020). This persistent challenge necessitates the continuous evolution of solubility enhancement techniques. The pharmaceutical industry, therefore, continually seeks innovative strategies to address challenges associated with drug solubility, which is a critical factor influencing drug delivery and bioavailability (Zhu et al., 2025). To circumvent this, various conventional and advanced techniques have been developed to enhance the solubility and dissolution rate of these drug candidates (Patil & Patel, 2025; Singh, 2026). It is imperative to optimize the therapeutic results of such drug candidates by augmenting their bioavailability. Micellar solubilization, co-solvency, solid dispersion, and nanotechnology are a few of the solubilization approaches, and recently, artificial intelligence and machine learning approaches have also been developed to address this problem (Sodaei et al., 2025). 
Water solubility is important because it affects drug absorption and dissolution, which are necessary for bioavailability, or the extent and pace at which a medication enters the bloodstream (Kumari et al., 2023). Higher doses are frequently required to obtain the desired result when poor bioavailability results in less-than-ideal therapeutic effects. As a result, there is a higher chance of toxicity, patient non-compliance, and general treatment regimen inefficiency (Kumar et al., 2023; NARMADA, 2023). This challenge has spurred extensive research into various solubility enhancement methods, ranging from conventional approaches like particle size reduction and salt formation to more advanced strategies such as solid dispersions and self-emulsifying drug delivery systems (Taher et al., 2023). The critical influence of solubility on pharmacokinetic properties, including absorption, distribution, metabolism, and excretion, directly impacts a drug's bioavailability and overall therapeutic efficacy (Sodaei et al., 2025). Ensuring adequate systemic exposure is paramount for achieving the desired pharmacological response (Singh, 2026). Moreover, insufficient solubility often necessitates higher dosages, which can escalate the risk of adverse side effects for patients (Hagbani et al., 2024). To overcome these issues, the integration of artificial intelligence and machine learning has emerged as a transformative approach, offering sophisticated predictive modeling and optimization capabilities for solubility enhancement strategies (Dhangar, 2025). Machine learning algorithms, such as artificial neural networks and random forests, have been increasingly applied to optimize formulation parameters, predict stability, and identify critical molecular descriptors influencing drug solubility (Ali et al., 2024; Bao et al., 2024; Dong et al., 2021). This integration facilitates a more systematic and efficient approach to drug formulation, moving beyond traditional empirical methods by leveraging large datasets to establish correlations between drug structure and appropriate delivery strategies ('FIP Brisbane 2023: Drug Delivery and Manufacturing'). The purpose of this review is to provide a comprehensive overview of the latest advancements in both traditional and AI-driven methodologies for enhancing drug solubility by critically examining their mechanisms, applications, and impact on pharmaceutical drug research and development, aiming to improve drug dissolution rates and systemic absorption (Kumar et al., 2023; Saripilli & Sharma, 2025). By evaluating these techniques, we aim to offer insights into the future directions for improving drug bioavailability, focusing on the balance between efficacy, safety, and scalability. 
2.0 Challenges of Poorly Water-Soluble Drugs
A substantial percentage of current drug candidates and marketed drugs, often exceeding 60%, are poorly water-soluble, which underscores the urgent need for innovative solubility enhancement approaches (Mishra et al., 2025; Munde et al., 2023). This poor aqueous solubility often translates to inadequate absorption, leading to suboptimal plasma concentrations and diminished therapeutic outcomes (Jain & Chella, 2020; Sher et al., 2023). Aqueous solubility below 100 μg/ml, often coupled with high crystal energy, represents a critical impediment to optimal drug absorption, particularly from the gastrointestinal tract via the oral route (Gupta et al., 2023). This inherent limitation often leads to reduced dissolution rates and subsequently diminished bioavailability, thereby impacting the overall therapeutic efficacy of the administered drug, and necessitating the application of various solubility enhancement strategies (Bhalani et al., 2022; Halder2, 2025). Such strategies involve physical modifications like particle size reduction and solid dispersion, or chemical modifications such as hydrotropy (Kumar et al., 2023; Patil & Patel, 2025). These issues are particularly pronounced for drugs intended for oral administration, where absorption is limited by both solubility and dissolution rates (Kaushik et al., 2023). A typical example is micronization, which is a physical modification technique that has been demonstrated to significantly improve the dissolution rate and bioavailability of drugs such as fenofibrate, progesterone, spironolactone, diosmin, and griseofulvin (Chavan et al., 2023). While micronization offers benefits, its utility is constrained by the tendency of very fine particles to aggregate and reduce the effective surface area for dissolution (Ahmed et al., 2025). This enhancement is crucial given that approximately 40% of new chemical entities fall into BCS classes II and IV due to their high hydrophobicity, presenting significant drug-delivery formulation challenges (Mohac et al., 2020). In fact, improving the aqueous solubility and dissolution rate of these compounds is paramount for optimizing their oral bioavailability and achieving desired pharmacological effects (Rajendra & Komal, 2024). Solubilization techniques are a promising strategy to address the challenges of BCS class II and IV drugs that exhibit poor solubility in both aqueous and organic solvents (Jacob et al., 2020; Rahman & Haider, 2023). 
3.0 Biopharmaceutical Classification System (BCS) 
The Biopharmaceutical Classification System categorises drugs based on their aqueous solubility and intestinal permeability, providing a framework for predicting oral absorption and identifying compounds that require solubility enhancement strategies (Al-Hussaniy et al., 2023). The system is pivotal for drug development, classifying drugs into four distinct classes based on their intrinsic solubility and permeability characteristics (Silva et al., 2025). The BCS Class II drugs possess high permeability but low solubility, while BCS Class IV drugs exhibit both low permeability and low solubility, presenting significant challenges for oral drug delivery (Jakka et al., 2023; Sharma et al., 2020). For these classes, BCS Class II and IV, innovative strategies are crucial for improving their bioavailability and therapeutic efficacy (Jain & Chella, 2020; Sanas & Pachpute, 2023). For instance, drugs are deemed highly soluble if their maximum dosage strength dissolves in 250 mL of aqueous media across a pH range of 1.0 to 7.5 (SAWANT & Bhagwat, 2021; Vijetha, 2026). Conversely, drugs with low solubility, like those in BCS Class II often benefit from lipid-based formulations and nanosuspensions to circumvent dissolution limitations and enhance absorption (Abdullah & Sopyan, 2024; Godase et al., 2023; Smitha et al., 2025). Notably, nearly 40% of marketed drugs and a substantial 70% of candidate compounds were classified as poorly water-soluble in the early 2000s, with BCS Class II drugs inherently exhibiting low bioavailability upon oral administration, necessitating advanced formulation strategies (Hashmi et al., 2025; Kaneko et al., 2022). 
4.0 Impact of Poorly Water-Soluble Drugs on Absorption and Bioavailability 
The inherent challenge of poor solubility of BCS class II and IV underscores the critical need for novel drug delivery systems designed to overcome solubility and permeability limitations (Godase et al., 2023; Zainuddin et al., 2024). For instance, understanding the intricate relationship between pharmacokinetic parameters, manufacturing methods, pharmaceutical excipients, and biopharmaceutics is essential for the successful design of any oral drug product (Dahlgren et al., 2020). For a drug to be therapeutically effective, it must reach systemic circulation; therefore, orally administered drugs must dissolve in the gastrointestinal tract (Parmar & Patel, 2025). However, approximately 50% of newly developed medications exhibit lipophilic characteristics and limited water solubility, which directly impedes their entry into the systemic circulation and subsequent therapeutic action (Malgundkar et al., 2024). This challenge is particularly pronounced for drugs with aqueous solubility below 1 mg/L, where conventional tablet formulations often yield unacceptable bioavailability (Haider et al., 2021). This necessitates the exploration of diverse formulation strategies to overcome these solubility barriers and facilitate systemic absorption (Kuchekar et al., 2021). This prevalence of poorly soluble drug candidates underscores the need for continuous innovation in drug delivery to enhance oral bioavailability and ensure optimal pharmacological responses (Gupta et al., 2023; Lakavath, 2020). Many promising methods have been developed to address this issue of poor drug solubility, which have demonstrated the potential to influence intestinal permeability (Mirzapure, 2024). 
5.0 Clinical Implications of Drug Solubility Enhancement
This enhanced solubility and permeability can translate directly into improved pharmacokinetic profiles, leading to more predictable and effective therapeutic outcomes in clinical settings. The clinical translation of these enhanced solubility formulations is paramount, as improvements in bioavailability can lead to reduced dosing frequencies, lower overall drug exposure, and safer and more effective treatment regimens for patients. Such advancements directly address the significant hurdle presented by poor aqueous solubility (Kumar et al., 2023). The ongoing development of novel solubilization techniques, including mixed hydrotropy, is thus crucial for optimizing drug efficacy and expanding the therapeutic utility of challenging compounds (Mirzapure, 2024; Nasrallah & Minceva, 2025). This complex interplay between solubility and permeability highlights the need for sophisticated formulation strategies that can simultaneously address both challenges without compromising either, essential for optimal drug absorption (Kuchekar et al., 2021). 
6.0 Conventional Solubility Enhancement Strategies
Conventional strategies involve physicochemical modifications or the use of excipients to improve the dissolution rate and apparent solubility of poorly soluble compounds (Kazi et al., 2022; Kuchekar et al., 2021). These methods often include particle size reduction, salt formation, prodrug strategies, and the incorporation of various solubilizing agents, all aimed at enhancing the dissolution characteristics of challenging drug candidates. A comprehensive understanding of these conventional approaches, alongside the emerging advanced techniques, is vital for pharmaceutical scientists to select the most appropriate strategy for a given drug candidate, considering its physicochemical properties and desired pharmacokinetic profile (Kazi et al., 2022; Nasrallah & Minceva, 2025). 
6.0.1 Particle Size Reduction 
This technique involves reducing the drug's particle size to increase its surface area, thereby enhancing its dissolution rate and solubility. Various methods, such as micronization, nanomilling, and supercritical fluid technology, are employed to achieve this reduction, with each offering distinct advantages in particle morphology and distribution (Kazi et al., 2022). Nanonization, for instance, significantly enhances drug solubility and bioavailability by producing particles in the nanometer range (Kumar et al., 2023). While effective, these mechanical comminution methods can be energy-intensive and may present challenges in maintaining particle stability and preventing agglomeration (Kazi et al., 2022). The increased surface energy of nanocrystals can lead to Ostwald ripening, further compromising long-term formulation stability. Despite these challenges, particle size reduction, particularly through nanocrystallization, remains a prevalent and effective strategy for improving the solubility and dissolution rate of poorly water-soluble drugs (Alqahtani et al., 2021). This approach is frequently applied to Biopharmaceutics Classification System Class II and IV compounds, which are characterized by low solubility (Strategies for Improving Solubility and Dissolution of Poorly Water-Soluble Drugs: Current Developments and Pharmaceutical Applications, 2026). In nanosuspensions, drug particles are typically stabilized by surfactants and can be administered via various routes, including oral, topical, parenteral, and pulmonary, with average particle sizes ranging from 200 to 600 nanometers (Patil & Patel, 2025). This size range optimizes surface area for dissolution while minimizing potential issues associated with extremely fine particles, such as agglomeration and processing difficulties (Alqahtani et al., 2021). Conversely, inadequate particle size reduction can lead to poor flow characteristics and potential polymorphic transformations, impacting product quality (Panda & Lankalapalli, 2023). Furthermore, the increased specific surface area resulting from particle size reduction accelerates the dissolution rate, a critical factor for drugs exhibiting dissolution-limited absorption (Strategies for Improving Solubility and Dissolution of Poorly Water-Soluble Drugs: Current Developments and Pharmaceutical Applications, 2026). 
6.0.2 Salt Formation 
This method involves converting a weak acid or base drug into its corresponding salt to improve aqueous solubility, often leading to a higher dissolution rate and enhanced bioavailability due to increased ionization at physiological pH. This strategy is particularly effective for drugs with ionizable groups, as salt formation can significantly alter their intrinsic solubility and dissolution profile. The selection of an appropriate salt form, considering counterion effects and solid-state properties, is critical to optimize both solubility and stability (Gupta et al., 2023). The choice of counterion directly influences the crystal lattice energy and hygroscopicity of the salt, both of which are critical determinants of long-term storage stability and manufacturing robustness. However, the conversion to salt form can sometimes introduce new challenges, such as altered physicochemical stability, hygroscopicity, and potential polymorphic transformations that necessitate careful characterization during formulation development. Moreover, while salt formation can dramatically improve solubility, careful consideration must be given to potential counterion-induced toxicity or interactions with excipients, which could compromise the drug product's safety and efficacy. Nevertheless, for certain APIs, salt formation represents a pivotal strategy to overcome solubility limitations, particularly when considering factors like the pH of the absorption environment and the desired onset of action. For instance, sodium and potassium salts of penicillin G, sulfa drugs, phenytoin, and barbiturates have demonstrated significantly improved dissolution rates compared to their corresponding insoluble acidic forms (Barsagade et al., 2021). Similarly, co-crystallization offers a promising alternative for enhancing drug properties by forming multicomponent crystals between two compounds, which can often lead to improved solubility and bioavailability (Rahman & Haider, 2023). Unlike salts, co-crystals do not necessitate ionizable groups for their formation and instead rely on weaker intermolecular interactions like hydrogen bonds, providing greater flexibility in selection of drug-forming molecules (Raines et al., 2023). 
6.0.3 pH Adjustment
This approach optimizes the solubility of ionizable drugs by altering the pH of the surrounding medium, thereby shifting the equilibrium towards the ionized, more soluble form. It is particularly valuable for weakly acidic or basic drugs, where pH manipulation can significantly enhance their aqueous solubility and dissolution rate, especially within the gastrointestinal tract. For instance, incorporating pH modifiers or buffers into formulations can locally adjust the microenvironment, promoting the ionized state of the drug and facilitating its dissolution and absorption. This strategy is especially pertinent for drugs belonging to the Biopharmaceutical Classification System Class II and IV, where solubility is a rate-limiting step for absorption, as altering pH can lead to increased ionization and thus enhanced solubility (Singh, 2026). However, it is crucial to consider the physiological pH range and potential impact on drug stability and gastrointestinal tolerability when implementing pH adjustment strategies. The judicious selection of pH-modifying excipients is paramount, as inappropriate buffers or extreme pH conditions can lead to drug degradation, precipitation, or gastric irritation. Therefore, meticulous formulation design is essential to balance solubility enhancement with patient safety and drug stability, often requiring a comprehensive understanding of the drug's pKa and the physiological pH environment (Tirupathi, 2025). 
6.0.4 Cosolvency 
This technique uses a blend of intermediate water-miscible organic solvents, known as co-solvents, to enhance the solubility of poorly water-soluble compounds (NARMADA, 2023). It functions by reducing the polarity of the solvent system, thereby increasing the drug's affinity for the mixed solvent environment (Singh, 2026). Cosolvency also works by disrupting the self-association of water molecules, otherwise impeding the solubilization of hydrophobic drug substances (Khiabani et al., 2025). The selection of appropriate co-solvents is critical, considering factors such as drug compatibility, toxicity, and regulatory acceptance, to ensure both efficacy and safety of the final formulation (Halder2, 2025). Commonly employed co-solvents include ethanol, propylene glycol, and polyethylene glycol, which are often used in various proportions to achieve optimal solubility without compromising drug stability or patient tolerability (Mahapatra et al., 2020). However, it is imperative to conduct thorough pre-formulation studies to ascertain the optimal co-solvent ratio, as excessive concentrations can lead to drug precipitation, reduced thermodynamic stability, and potential systemic toxicity (Halder2, 2025; Patil and Patel, 2025). Despite its advantages, cosolvency can also present challenges such as drug precipitation upon dilution in aqueous biological fluids and potential formulation instability over time. 
6.0.5 Complexation with Cyclodextrins
This method involves the formation of inclusion complexes between a drug molecule and cyclodextrins, which are cyclic oligosaccharides with a hydrophilic exterior and a hydrophobic interior. This unique structure allows cyclodextrins to encapsulate poorly water-soluble drugs within their hydrophobic cavity, thereby improving their apparent aqueous solubility and bioavailability without altering the drug's intrinsic chemical structure. The formation of these host-guest complexes mitigates the desolvation energy required for hydrophobic drugs to enter an aqueous environment, thus increasing their effective concentration in solution (Mahapatra et al., 2020). This mechanism facilitates an enhanced dissolution rate and improved absorption across biological membranes. Moreover, cyclodextrin complexation can also mask undesirable organoleptic properties, reduce drug irritation, and enhance drug stability against degradation (Patil & Patel, 2025). Furthermore, the judicious selection of cyclodextrin derivatives, such as hydroxypropyl-β-cyclodextrin or sulfobutylether-β-cyclodextrin, can further optimize complexation efficiency and reduce potential toxicity concerns. These modifications enhance water solubility and bioavailability, making them particularly useful for a broad range of pharmaceutical applications (Patil & Patel, 2025). 
6.0.6 Solid Dispersion 
This technique involves dispersing one or more active pharmaceutical ingredients in an inert carrier matrix at a molecular or colloidal level, which can significantly enhance the dissolution rate and solubility of poorly water-soluble drugs. This method aims to overcome the thermodynamic barriers to dissolution by reducing particle size to a molecular level and improving wettability, leading to a higher surface area for solvent interaction and thus faster dissolution kinetics (Bhalani et al., 2022; Kumari et al., 2023). This amorphous or molecular dispersion of the drug within the carrier effectively bypasses the energy required for crystal lattice breakdown, leading to an immediate release profile and improved bioavailability. By maintaining the drug in an amorphous state, solid dispersions prevent recrystallization, a common limitation for poorly soluble compounds. The diverse range of carriers, including polymers and sugars, allows for tunable drug release profiles and enhanced stability (Nicolaescu et al., 2025). However, challenges such as physical instability, drug-carrier interactions, and scale-up issues persist and require careful consideration during formulation development (Kumar et al., 2023). Integrated formulation design frameworks, including PBPK modeling and accelerated stability testing, offer potential solutions to these challenges (Bhatta et al., 2025). For instance, β-cyclodextrin was shown to increase the systemic exposure of ketoconazole by 2.2-fold and hydroxypropyl-β-cyclodextrin was shown to enhance itraconazole solubility by 27-fold, demonstrating the efficacy of these methods in improving oral bioavailability for hydrophobic compounds (Khatoon et al., 2025). 
6.0.7 Hydrotropy
Hydrotropic agents are used in this technique, which are specific types of compounds characterized by their amphiphilic nature, to significantly increase the aqueous solubility of poorly water-soluble substances (Tambe, 2025). This solubilization method, distinct from micellar solubilization, relies on weak intermolecular interactions between the hydrotrope and the drug, thereby disrupting the drug's crystal lattice and promoting its dissolution (Kumar et al., 2023). The disruption facilitates the formation of a more thermodynamically stable solution. Unlike classical surfactants, hydrotropes do not form micelles at concentrations typically used for solubilization, operating instead through molecular complexation and alterations in solvent properties. The mechanism promotes the formation of non-covalent aggregates between the drug and hydrotrope, which consequently enhances drug solubility. Hydrotropic solubilization has emerged as a valuable technique in pharmaceutical formulations, offering a promising solution to enhance the solubility of poorly soluble drugs (Tambe, 2025). It leverages the ability of hydrotropic agents to disrupt intermolecular interactions between drug molecules, thereby increasing their solubility (Tambe, 2025). The approach offers advantages such as not requiring chemical modification of the drug or the use of organic solvents, distinguishing it from other solubility enhancement methods (Kuchekar et al., 2021; Tambe, 2025). Notably, hydrotropic methods, which do not involve chemical alteration, organic solvents, or suspension schemes, represent a promising strategy for poorly soluble pharmaceuticals (Mirzapure, 2024). The approach is particularly attractive because approximately 40% of commercialized products and 70–90% of drug candidates in development exhibit poor water solubility, necessitating efficient and cost-effective solubilization techniques (Kumari et al., 2023). However, recent research indicates a critical solubility-permeability compromise associated with hydrotropy, wherein increased solubility may inadvertently lead to decreased permeability, similar to cyclodextrins and cosolvents (Mirzapure, 2024). This suggests that while hydrotropy effectively increases equilibrium solubility, the enhancement can reduce the drug's partitioning coefficient, consequently impacting its intestinal permeability (Mirzapure, 2024). Therefore, while hydrotropy can significantly boost water solubility, its comprehensive impact on drug permeability across biological membranes must be rigorously evaluated to achieve optimal drug exposure after oral delivery (Mirzapure, 2024). 
6.1 Advanced Drug Solubility Enhancement Technologies
This section delves into emerging and sophisticated methodologies that leverage novel principles or integrate existing techniques to surmount solubility limitations. These advanced technologies often focus on optimizing drug delivery, improving pharmacokinetic profiles, and mitigating challenges associated with conventional solubilization strategies. For instance, the encapsulation of itraconazole within β-cyclodextrin effectively masks its inherent hydrophobicity, leading to enhanced aqueous solubility and improved dissolution rates crucial for bioavailability, especially in orally disintegrating tablet formulations (Çomoğlu, 2024). Other advanced techniques include co-crystallization, which involves forming a crystalline material comprising two or more neutral molecular components bound together in the crystal lattice, and mechanochemical activation, where mechanical energy is used to enhance drug solubility and dissolution rates (Patil & Patel, 2025). 
6.1.1 Nanotechnology-Based Approaches
Nanotechnology offers diverse strategies to enhance the solubility and bioavailability of poorly water-soluble drugs through particle size reduction and increased surface area (Rahman & Haider, 2023). These approaches encompass the development of nanocrystals, nanoemulsions, and polymeric nanoparticles, each designed to optimize drug delivery and therapeutic efficacy (Al-Hussaniy et al., 2023; NARMADA, 2023). Nanocrystals, for instance, significantly improve dissolution rates by reducing particle size into the nanometer range, thus increasing surface area and saturation solubility (Kimoto et al., 2025). This increased surface area-to-volume ratio facilitates faster drug release and absorption, ultimately leading to improved therapeutic outcomes (Patil & Patel, 2025). Nanoemulsions, characterized by their small droplet size and thermodynamic stability, can encapsulate hydrophobic drugs and deliver them efficiently through various routes, including oral and parenteral administration (Patil & Patel, 2025). Similarly, polymeric micelles leverage amphiphilic copolymers to encapsulate hydrophobic drugs within their core, forming stable colloidal systems that enhance solubility and enable targeted drug delivery (Bhalani et al., 2022). Furthermore, lipid-based formulations such as solid lipid nanoparticles and nanostructured lipid carriers provide improved drug encapsulation, controlled release kinetics, and enhanced lymphatic transport, thereby circumventing first-pass metabolism (Aboshhran et al., 2022).
Recent Advances in Nanotechnology-Based Methods
· Surface modification of nanoparticles: Techniques, such as PEGylation (attaching polyethylene glycol chains), have been developed to improve the circulation time of nanoparticles in the bloodstream and enhance their biocompatibility. This reduces rapid clearance by the immune system and improves drug delivery to the target site (Bhalani et al., 2022).
· Stimuli-responsive nanoparticles: Stimuli-responsive nanoparticles release their drug payload in response to specific stimuli, such as changes in pH, temperature, or the presence of specific enzymes. This allows for site-specific drug release, reducing off-target effects and improving therapeutic efficacy (Kimoto et al., 2025).
6.1.2 Lipid-Based Drug Delivery Systems (LBDDS)
Lipid-based systems, including liposomes, self-emulsifying drug delivery systems, and nanostructured lipid carriers, offer a versatile platform for improving the solubility and bioavailability of BCS Class II and IV drugs by encapsulating them within a lipidic matrix (Liu et al., 2024; Zhuo et al., 2024). This encapsulation shields the drug from enzymatic degradation, enhances permeation across biological membranes, and facilitates lymphatic transport, thereby improving systemic exposure and reducing presystemic elimination (Jain & Chella, 2020). These systems leverage the physiological pathways of lipid digestion and absorption, offering a robust strategy for enhancing the oral absorption of highly lipophilic compounds (Rajendra & Komal, 2024). Notably, these formulations often increase drug surface area, which contributes to enhanced oral bioavailability (Das et al., 2024). The use of nanocarriers, such as liposomes, niosomes, and emulsions, within these lipid-based systems further optimizes drug dissolution rates, absorption, and overall therapeutic efficiency for lipophilic compounds (Annabalaji, 2025). Lipid-based nanocarriers, such as lipid nanoparticles, have demonstrated particular promise in improving the oral bioavailability of poorly absorbed drugs by increasing gastrointestinal absorption and solubilization via selective lymphatic pathways (Gangavarapu et al., 2024). These systems are particularly advantageous for enhancing drug solubility and bioavailability, minimizing adverse effects, and improving the physicochemical properties of therapeutic agents (Elnady et al., 2023). 
6.1.3 Amorphous Solid Dispersions (ASDs)
Amorphous solid dispersions represent a significant advancement in enhancing the solubility of poorly water-soluble drugs by entrapping the drug in an amorphous state within a polymer matrix, thereby increasing its apparent solubility and dissolution rate. This approach circumvents the thermodynamic stability of the crystalline form, allowing for supersaturation upon dissolution, which can lead to improved oral bioavailability (Singh, 2026). The amorphous state, characterized by a lack of long-range molecular order, provides a higher free energy state compared to its crystalline counterpart, facilitating faster and more complete dissolution. The primary mechanism involves the inhibition of drug crystallization, often through the formation of hydrogen bonds or other intermolecular interactions between the drug and the polymer matrix, which maintains the drug in its supersaturated state in gastrointestinal fluids. This supersaturation, particularly in the gastrointestinal tract, is crucial for improving the dissolution rate and subsequent absorption of poorly soluble active pharmaceutical ingredients (Maurya et al., 2024). The selection of an appropriate polymer and manufacturing technique is critical in achieving stable amorphous solid dispersions with optimal dissolution enhancement and prevention of recrystallization. 
6.1.4 Cocrystallization
Cocrystallization, as an emerging strategy, offers an alternative for improving the solubility and dissolution rate of active pharmaceutical ingredients by forming cocrystals, which are multi-component crystalline solids comprising an active pharmaceutical ingredient and a coformer in a defined stoichiometric ratio. These cocrystals exhibit distinct physicochemical properties compared to their individual components, including enhanced solubility and improved pharmacokinetic profiles, without altering the intrinsic chemical structure of the drug substance. The non-covalent interactions between the active pharmaceutical ingredient and the coformer within the crystal lattice modify the molecular packing and intermolecular forces, leading to alterations in melting point, dissolution rate, and stability (SINGH et al., 2024). This modification of the crystal lattice often results in a lower lattice energy, facilitating more rapid solvation and subsequent absorption. Furthermore, cocrystals can improve the physical stability of certain drug substances and offer opportunities for intellectual property protection (Bongioanni et al., 2022). 
6.1.5 Polymeric Micelles
[bookmark: _GoBack]Polymeric micelles, self-assembling nanocarriers formed from amphiphilic block copolymers in aqueous solutions, offer a sophisticated approach to solubilize hydrophobic drugs within their core, shielding them from the physiological environment and enhancing their systemic circulation and bioavailability. These supramolecular structures significantly increase the apparent solubility of poorly water-soluble drugs by providing a hydrophobic microenvironment for drug encapsulation, thereby improving dissolution rates and systemic exposure (Srividya & Ghosh, 2025). The hydrophilic corona of polymeric micelles further stabilizes the loaded drug in aqueous media, preventing premature degradation and aggregation, while also facilitating sustained release kinetics (GANDHI et al., 2025). The tunable nature of polymeric micelles, through variations in polymer composition and architecture, allows for precise control over drug loading capacity, release profiles, and targeting capabilities, thereby optimizing therapeutic efficacy. Additionally, their nanoscale dimensions enable enhanced permeation and retention in certain tissues, contributing to improved drug accumulation at target sites. Several polymeric micelle formulations have advanced to clinical trials or received approval for human use, highlighting their potential as a successful platform for delivering poorly soluble compounds (Hwang et al., 2020). 
6.1.6 Self-Emulsifying Drug Delivery Systems (SMEDDS)
Self-emulsifying drug delivery systems are isotropic mixtures of oils, surfactants, co-surfactants, and drugs that form fine oil-in-water emulsions upon gentle agitation in aqueous media, such as gastrointestinal fluids. These systems enhance drug solubility and dissolution rates, thereby significantly amplifying therapeutic effectiveness by presenting the drug in a readily absorbable microemulsion form (Rawat & Srivastava, 2024). This spontaneous emulsification facilitates improved drug absorption by increasing the surface area for drug release and promoting lymphatic transport, which bypasses hepatic first-pass metabolism for lipophilic drugs (Jin et al., 2025). The resulting nanoemulsions or microemulsions, characterized by droplet sizes typically ranging from 20 to 200 nm, further augment drug bioavailability by enhancing permeability across the gastrointestinal membrane (AboulFotouh et al.,, 2020; Smitha et al., 2025). Furthermore, the incorporation of specific lipids in these formulations can prolong drug residence time within the gastrointestinal tract, contributing to sustained drug release and enhanced absorption (Reddy & Gubbiyappa, 2022). SMEDDS are particularly adept at delivering lipophilic active pharmaceutical ingredients in a dispersed, non-crystalline form, optimizing drug release from the oil droplets under gastrointestinal motility (Parvathaneni et al., 2022). The formulation of solid self-microemulsifying drug delivery systems addresses some of the limitations of liquid SEDDS, such as physical instability and excipient-drug interactions, by adsorbing the liquid formulation onto solid carriers or encapsulating it within a solid matrix (Rawat & Srivastava, 2024; Salawi, 2022). This transition from liquid to solid forms not only improves stability but also offers better patient compliance and manufacturability for widespread pharmaceutical application (Jin et al., 2025; Uttreja et al., 2025). 
6.1.7 Supercritical Fluid Technology
Supercritical fluid technology leverages the unique properties of supercritical fluids, such as CO2, to micronize drug particles, control crystal polymorphism, and facilitate the formation of solid dispersions, thereby improving solubility and dissolution rates (Misra & Pathak, 2020). Specifically, supercritical fluid-based methods can be utilized for coating drug particles or producing solid dispersions, with supercritical carbon dioxide being a popular choice due to its tunability and favorable critical properties (Agubata, 2020). This technology enables the generation of nanoparticles with enhanced dissolution characteristics and improved bioavailability by utilizing the gas-like diffusivity and liquid-like solvent power of supercritical fluids (Nateghi et al., 2023). These techniques, such as rapid expansion of supercritical solutions and supercritical antisolvent processes, precisely control particle size and morphology, often achieving submicron levels, which significantly increases the effective surface area for dissolution (Chavan et al., 2023). Moreover, supercritical fluid processes are effective in generating composite particles and co-precipitates, further enhancing the solubility and dissolution rate of poorly water-soluble drugs (Misra & Pathak, 2020). The absence of organic solvents in many supercritical fluid processes also makes them environmentally friendly and reduces concerns regarding residual solvent toxicity (Rodrı́guez et al., 2020). 
6.1.8 Emerging Technologies and Future Directions
The continuous evolution of pharmaceutical sciences has led to the exploration of novel strategies beyond traditional approaches to further enhance the solubility and bioavailability of challenging drug candidates. This includes the development of supersaturable self-emulsifying drug delivery systems, which are engineered to generate and maintain a supersaturated drug state in vivo, thereby maximizing thermodynamic activity for enhanced absorption despite potential precipitation challenges (Laffleur et al., 2025). Further innovations involve the application of co-amorphous formulations, deep eutectic solvents, and ionic liquids, which present alternative strategies for improving drug solubility and bioavailability by altering the physicochemical properties of drug substances (Strategies for Improving Solubility and Dissolution of Poorly Water-Soluble Drugs: Current Developments and Pharmaceutical Applications, 2026). Additionally, advanced computational modeling and machine learning approaches are increasingly being integrated into drug discovery and formulation development, enabling the prediction of solubility and optimizing formulation parameters for poorly water-soluble compounds. 
6.1.9 3D Printing for Customized Formulations
Additive manufacturing, commonly known as 3D printing, offers unprecedented opportunities for producing customized pharmaceutical dosage forms with precise control over drug loading, release kinetics, and geometric configurations. This technology facilitates the creation of multi-layered tablets, personalized dosages, and complex geometries that can significantly modulate drug dissolution and absorption profiles (Misra & Pathak, 2020). Specifically, 3D printing techniques like fused deposition modeling and selective laser sintering enable the fabrication of oral solid dosage forms with intricate internal structures and varying excipient compositions, allowing for fine-tuned control over drug release mechanisms. This precision in design allows for the development of drug products tailored to individual patient needs, optimizing therapeutic outcomes by providing personalized release profiles. Such advanced manufacturing techniques, including hot-melt extrusion in combination with 3D printing, allow for the production of amorphous solid dispersions within complex dosage forms, thereby optimizing drug solubility and enabling targeted release characteristics (Kumar et al., 2024). 
6.1.10 Mesoporous Silica Nanoparticles
Mesoporous silica nanoparticles have emerged as highly promising nanocarriers for poorly water-soluble drugs due to their high surface area, tunable pore size, and biocompatibility, which collectively enable enhanced drug loading and controlled release (Baek & Jin, 2025; Balogun et al., 2023). Their internal pore structure provides a confined environment that can stabilize drugs in an amorphous state, preventing recrystallization and thereby significantly improving dissolution rates and oral bioavailability. Furthermore, the facile surface functionalization of mesoporous silica nanoparticles allows for targeted drug delivery and improved cellular uptake, broadening their therapeutic potential beyond oral administration. These nanocarriers offer a versatile platform for solubility enhancement and controlled drug delivery, facilitating the development of advanced formulations for various administration routes. Additionally, tuning the nanoscale properties of these silica nanoparticles, such as surface roughness and pore size, can further optimize drug solubility and oral bioavailability, even extending to the improved delivery of biologics (“FIP Brisbane 2023: Drug Delivery and Manufacturing,” 2023). 
6.1.11 Co-amorphous Systems
Co-amorphous systems, formed by grinding or solvent evaporation of a drug and a small-molecular-weight excipient, provide a thermodynamically unstable but kinetically stable amorphous phase that significantly improves drug solubility and dissolution rates compared to crystalline forms (Figueiredo et al., 2024). This approach capitalizes on the formation of single-phase amorphous blends or two-phase amorphous dispersions, where intermolecular interactions between the drug and the co-former enhance stability against recrystallization and improve wettability. These systems leverage specific molecular interactions, such as hydrogen bonding and π-π stacking, to create a more energetically favorable amorphous state, thereby mitigating the propensity for phase separation and subsequent recrystallization (Onoue, 2024). The deliberate selection of co-formers in co-amorphous systems, based on their capacity to form strong intermolecular interactions with the active pharmaceutical ingredient, is crucial for optimizing the system's glass transition temperature and inhibiting molecular mobility, thereby prolonging the stability of the amorphous state. The precise control over the molecular interactions and the resulting energetic landscape within co-amorphous systems offers a robust strategy for enhancing both the kinetic stability and intrinsic dissolution performance of poorly soluble active pharmaceutical ingredients (“Crystal Growth and Chirality - Technologies and Applications,” 2022). Furthermore, the application of various processing techniques, such as spray drying, freeze drying, and hot-melt extrusion, enables the scale-up production of co-amorphous systems while maintaining their enhanced solubility characteristics. 
6.1.12 Deep Eutectic Solvents (DES)
Deep Eutectic Solvents represent an innovative class of solvents formed by mixing two or more components that self-associate via hydrogen bonding to form a eutectic mixture with a melting point significantly lower than those of its individual constituents. These solvents exhibit unique physicochemical properties, including high solubilizing power for poorly water-soluble drugs, low volatility, and biodegradability, positioning them as promising alternatives to conventional organic solvents in pharmaceutical formulations. Their ability to dissolve a wide array of active pharmaceutical ingredients stems from intricate intermolecular interactions, such as hydrogen bonding and van der Waals forces, between the DES components and the drug molecules, facilitating enhanced solubility and often leading to improved bioavailability. The unique solvation mechanisms offered by deep eutectic solvents, including their capacity to form extensive hydrogen bonding networks, enable them to overcome the inherent crystal lattice energy of solid drugs, thereby enhancing their dissolution into the liquid phase (Pascual-Fernández et al., 2022). Moreover, the versatility of deep eutectic solvents extends to their potential as components in co-amorphous systems, offering a dual advantage of both excellent solvation and improved stability against recrystallization (Hussien et al., 2025). 
7.0 Artificial Intelligence and Machine Learning in Formulation Development
The integration of artificial intelligence and machine learning algorithms is revolutionizing pharmaceutical formulation by enabling predictive modeling of drug solubility, dissolution rates, and stability, thereby accelerating the development of optimized drug delivery systems (Verma et al., 2025). This data-driven approach allows for the rapid identification of optimal excipient combinations and processing parameters, significantly reducing the experimental burden and accelerating the design of novel drug products (Dhangar, 2025). Specifically, AI-driven predictive models can simulate drug degradation pathways and stability profiles, enabling informed decisions during formulation design and optimizing the likelihood of developing robust drug products (Dangeti et al., 2023). These computational methods facilitate the selection of promising drug candidates, optimization of formulations, and design of more effective drug delivery systems, particularly for poorly water-soluble compounds (Jeliński et al., 2024). Machine learning techniques, including neural networks, support vector machines, and reinforcement learning, are increasingly being employed to predict optimal excipients, assess drug-drug interactions, improve stability, and even suggest personalized dosages (Sartaj et al., 2025). For instance, artificial neural networks have been successfully applied to optimize formulations by establishing relationships between API concentration, excipient properties, and various formulation characteristics, such as drug release profiles and stability (Ali et al., 2024). Furthermore, these AI models can leverage extensive datasets of existing formulations and their performance to predict how new combinations of active pharmaceutical ingredients and excipients will behave, thereby guiding the selection of appropriate formulation components and their optimal proportions (Pawar et al., 2023). The application of machine learning and artificial intelligence can further reduce future experimental efforts for decision-making in the preformulation and formulation development of amorphous solid dispersions (Matić et al., 2020). AI-driven simulations, for example, can optimize solidification methods such as spray drying or hot-melt extrusion for solid self-nanoemulsifying drug delivery systems by predicting how process variables affect yield, particle size, and dispersibility. Beyond optimizing manufacturing processes, AI also plays a critical role in predicting the most suitable solid carriers based on their surface area, porosity, and compatibility with the active pharmaceutical ingredient, thereby enhancing the dissolution profile and drug release kinetics (Tanga et al., 2025). 
7.0.1 Regulatory Aspects and Commercialization Challenges of Artificial Intelligence and Machine Learning Formulations
The expedited development of pharmaceutical formulations through AI and ML, while promising, necessitates a concurrent evolution in regulatory frameworks to ensure the safety, efficacy, and quality of AI-designed drug products. This includes establishing clear guidelines for the validation of AI algorithms and models used in drug development, as well as addressing intellectual property concerns related to AI-generated formulations (Dangeti et al., 2023). Moreover, the transition from AI-driven discovery and optimization to commercial production involves scaling up novel formulations, which presents challenges in maintaining critical quality attributes and ensuring consistent manufacturing practices (Sartaj et al., 2025). The economic implications, such as the cost-effectiveness of AI-guided development versus traditional methods and the investment required for advanced computational infrastructure, also remain significant considerations for commercialization (“Drug Formulation Design,” 2022). Addressing these challenges necessitates a collaborative effort between regulatory bodies, industry stakeholders, and academic institutions to develop robust frameworks that support the responsible integration of AI into pharmaceutical development while ensuring patient safety and product accessibility. Concurrently, the ethical implications of AI in drug development, particularly regarding data privacy and bias in predictive models, must be rigorously addressed to maintain public trust and ensure equitable access to advanced therapeutic interventions (Ali et al., 2024). This necessitates the development of standardized protocols for data management, model interpretability, and algorithmic transparency to build confidence in AI-driven solutions within the highly regulated pharmaceutical landscape. 
7.0.3 Regulatory Guidelines for Novel Formulations Developed using Artificial Intelligence and Machine Learning in Formulation Development
The regulatory landscape for novel formulations, particularly those developed using AI, demands clear guidelines concerning the data quality and transparency of AI decision-making processes to ensure reliability and facilitate approval (Gunjal, 2025; Pawar et al., 2023). This includes addressing challenges related to data quality and availability, as high-quality, comprehensive datasets are crucial for training effective AI models (Serrano et al., 2024). Furthermore, the interpretability of complex AI models, often referred to as "black box" algorithms, presents a significant hurdle for regulatory agencies that require a clear understanding of how decisions are made regarding safety and efficacy (Joshi & Sheth, 2025). Regulatory bodies, such as the FDA, are actively developing risk-based frameworks to address the integration of AI and machine learning in drug development, spanning from discovery to post-market surveillance (Mirakhori & Niazi, 2025). 
7.0.4 Scale-Up and Manufacturing Considerations Involving the Use of Artificial Intelligence and Machine Learning in Formulation Development
The integration of AI into pharmaceutical manufacturing introduces complex regulatory challenges concerning safety assurance and compliance, necessitating a redesign of Quality Systems grounded in Data Quality principles (Krishnan et al., 2025). This paradigm shift requires robust data governance frameworks to ensure the integrity and traceability of data generated and utilized by AI systems throughout the manufacturing lifecycle (Shaki et al., 2024). Continuous performance monitoring and re-validation are crucial not only at the initial approval stage but also throughout the operational lifespan of AI-guided drug delivery systems (Suksaeree, 2025). This proactive and iterative approach ensures that AI models adapt to evolving manufacturing conditions and maintain their predictive accuracy and reliability over time. Navigating the complex regulatory landscape for AI applications in healthcare presents considerable challenges, especially given the rapid pace of technological advancement which often outstrips the development of traditional regulatory frameworks (Crisafulli et al., 2024; Patnaik et al., 2023; Somara et al., 2025). Specifically, regulatory acceptance of AI in Good Manufacturing Practice settings necessitates robust validation processes and transparent methodologies for algorithm deployment (Committee, 2020). 
7.0.5 Intellectual Property and Market Access of Artificial Intelligence and Machine Learning Pharmaceutical Formulation
The rapid evolution of AI technologies in pharmaceutical development requires establishing harmonized international regulatory guidelines to facilitate global innovation while ensuring patient safety (Udegbe et al., 2024). This harmonization is crucial for streamlining market access for AI-developed drugs and preventing regulatory fragmentation across different jurisdictions. These guidelines must address the unique characteristics of AI/ML, such as continuous learning and the opacity of decision-making, which pose significant challenges to traditional good manufacturing practice principles (Niazi, 2025). These frameworks should also consider the ethical implications of AI, including transparency, accountability, and the potential for bias in algorithms (Niazi, 2023; Shaki et al., 2024). The Food and Drug Administration has acknowledged that an effective regulatory strategy is crucial to harness the transformative potential of AI in drug development without compromising patient safety and product quality (Singh et al., 2025). Furthermore, the complexities of intellectual property and data rights surrounding AI-generated discoveries, including authorship and ownership, need meticulous consideration to foster continued innovation and ensure fair benefit sharing (Somara et al., 2025). 
8.0 Conclusion
The foregoing discussion highlights the intricate interplay between technological advancement in AI and the requisite evolution of regulatory, ethical, and commercial paradigms in pharmaceutical solubility enhancement. Further research is warranted to develop transparent and explainable AI models, alongside standardized data-sharing protocols, to address existing bottlenecks in data accessibility and interpretability (Sampene & Nyirenda, 2024). Moreover, collaborative efforts among industry, academia, and regulatory bodies are essential to establish comprehensive guidelines that promote ethical AI usage and address intellectual property concerns (Kimta & Dogra, 2024; Tade et al., 2023). Such endeavors are pivotal for realizing the full potential of AI in expediting the development and approval of novel drug formulations, ultimately benefiting patient populations with unmet medical needs. The proactive development of "Good Machine Learning Practice" guidelines and a focus on "Real-World Performance" are crucial for navigating the regulatory complexities associated with AI-driven pharmaceutical innovation (Đuriš et al., 2021). This includes ensuring the transparency and explainability of AI models to satisfy regulatory scrutiny and facilitate widespread adoption in drug development (Uddin et al., 2025). 
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