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1. Abstract
The oral route is the most preferred route of administration for the pharmaceutical products of high dose frequency, such as an effective dose of antihypertensives, anti-asthmatics, anti-allergics, anxiolytics, antibiotics, etc. In the BCS class II and class IV drugs, solubility is the rate-determining step for absorption. Only when the drug is in the dissolved state can it be absorbed through the mucosal lining into the systemic circulation. Many solubility enhancement techniques have been developed to improve drug dissolution and absorption. In this review, we emphasize various techniques available to date aimed at solubility enhancement, and specific examples of drug formulations, with emphasis on recent advancements.
Various technology platforms have been proposed to improve drug dissolution and absorption profiles, such as particle size reduction, co-crystallization, salt formation, amorphization, particulated systems, lipid-based formulations, combined methods, and cyclodextrin complexation. The present review will briefly present the physics and chemistry of the process technologies mentioned above, with emphasis on dissolution behaviors. In the second part of the article, specifics of the recent advancements will be introduced, and the relevant literature on the drug-specific case study will be examined.
2. Introduction
Overview of Biopharmaceutics Classification System (BCS)
Oral drug bioavailability has been a critical challenge for all pharmaceuticals due to the rising number of poorly water-soluble drug candidates coming in both newly discovered and developed pharmaceutical products [1]. Both regulatory agencies have identified the significance of solubility determination as an early-stage formulation development step. The Biopharmaceutics Classification System (BCS) has been put into effect, providing a reliable way to discern the impact of the oral drug's delivery on systemic exposure [2]. The BCS criteria recognize "high" solubility (a mass of the effect and the input of 250 milliliters should dissolve in at least 250 milliliters of an aqueous test solution at pH 1.2, 4.5, or 6.8) and "high" permeability (the rate of mass absorption in humans will be 90 percent absorbed after oral administration) [3]. 
Furthermore, the BCS marks four clinically relevant drug classes such as Class I, Class II, Class III with high permeability, and Class IV. The classification system has been expanded. The term solubility is defined as partially miscible in each solvent, and the choice of compound moiety (active pharmaceutical ingredients, API) should be evaluated due to liquefaction or dissatisfaction [4]. Additionally, it is required that volunteer studies using the immediate-release solution within a tight range of co-solvent should be conducted. The guide also discusses the critical composition of the Class II drug. In addition, in vitro dissolution tests attempt to clarify properties defined in the BCS criteria [5][6]. 
Criteria for classification
The Biopharmaceutical Classification System (BCS) class II and IV drugs encounter low aqueous solubility and bioavailability. There are some solubility and bioavailability enhancement techniques used so their dose can be reduced and help in achieving the desired therapeutic action with a very effective small amount of drug. BCS classification is done by taking 1000 mL of water as a biological media and the pH 1.2, 6.8, and 7.4 as buffers to check solubility [7]. The BCS class II drugs show low solubility and high permeability, and drug dissolution is the rate-limiting step in BCS class II drugs. As the dose of the BCS class II drug is reduced, drug therapy costs fall. Strategies such as salt formation, co-solvent, surface-active agents, complexation, micronization, liposomes, solid lipid nanoparticles, nano-crystalline, and solid dispersion are used to enhance the bioavailability of the solubility problem [8]. 
Challenges associated with Class II and IV drugs
The two most crucial complexing agents in drug development are solubility and permeability. There are 16 drugs and 3 prodrugs in the Biopharmaceutics Classification System Class II, and most of them are associated with a high-fat and high-calorie diet. The drugs in Class IV – 27 drugs and 1 prodrug have both low solubility and low permeability [9]. The major challenges associated with such drugs are the existence of a very low amount of drug in the systemic circulation, combined with a failure to maintain therapeutic concentrations, resulting in a narrow absorption window, inter- and intra-subject variability, and increased production costs. Solubility and bioavailability enhancement techniques are crucial in surmounting such bioavailability issues. This review focuses on various solubility and bioavailability enhancement techniques for Class II and IV drugs [10]. 
Recently developed drugs are observed to be poorly soluble, with a consistent trend towards lipophilicity. The development of high-throughput screening technology has enabled researchers to identify more hydrophobic bioactive compounds, and it has become a great challenge to solubilize them. Inclusion of drug administration using a high-fat meal is necessary for some drugs since their oral bioavailability displays dissolution and solubility rate-limited absorption [11]. The Biopharmaceutics Classification System identifies this issue by classifying drugs according to their solubility and permeability. About a quarter of the drugs approved for human use are classified as Class II or IV drugs, and the larger number of new proposed therapeutic entities is also grouped into these classes. Therefore, researchers are giving increased attention to new solubility/bioavailability enhancement techniques [12]. 
Table 1: Biopharmaceutical classification system [13] [14]
	BCS Class
	Solubility 
	Permeability 
	Example of drugs 

	Class I
	High 
	High 
	Metoprolol, Propranolol

	Class II
	Low
	High
	Ibuprofen, Ketoconazole 

	Class III
	High
	Low
	Atenolol, Cimetidine

	Class IV
	Low
	Low 
	Furosemide, Chlorothiazide



Need for solubility and bioavailability enhancement
Given the importance of solubility-related problems, various techniques are used to increase the solubility and dissolution rate of poorly soluble drugs. They include particle size reduction, salt formation, solid dispersion, eutectic mixture, inclusion complex, hydrosol colloidal solution, use of surfactants, co-solvent, micro emulsification, change from crystalline to glassy state, and amorphous form of the drug by melt-quenching or supercritical fluid process. Some of these techniques not only solubilize but may also enhance the oral bioavailability of class II and IV drugs. Recent advancements in solubility and bioavailability enhancement techniques, including those based especially on lipids, will be discussed. Since lipids are involved in these systems and most of the drugs are lipophilic, advances in the use of lipids could directly be tested for a variety of drugs, which would be highly valuable for scientists and healthcare professionals [15]. 
Recent trends towards minimally invasive, patient-friendly therapies require patient-compliant drug products that are either easy to swallow, liquids for geriatrics and pediatrics, or small volumes for pediatrics. Creating patient-friendly, smaller drug dosage forms is challenging due to high drug doses for drugs that have low solubility in gastrointestinal fluids [16]. Low solubility also leads to high variability and reduces the reproducibility of oral absorption, which reduces dose proportionality. Thus, the oral bioavailability of BCS class II drugs is low, and further, in the case of BCS class IV drugs, both solubility and permeability are low, which reduces oral bioavailability. There is the concept of more medicines from poorly soluble drugs, where the aim is to increase the oral bioavailability of such drugs. The success of lipophilic drugs is dependent on whether the drugs have sufficient aqueous solubility in the presumed healthy alimentary conditions for effective dosing [5]. 
Objective and scope of the review
The objective of this review is to draw attention to the potential of solubility and bioavailability enhancement techniques that can be used to circumvent the problems faced by BCS Class II and Class IV drugs. These drugs are limited in terms of their solubility and permeability. Solubility-limiting experiments are practiced in the early stages of drug discovery and development, which in turn causes attrition of the drug projects. Administration of hydrophobic drugs leads to erratic in vivo absorption and poor biodistribution, which considerably decreases the in vivo activity [17]. Despite the possibilities of many different drug delivery techniques, it remains challenging for the development of drug delivery systems that can improve the bioavailability of solubility-challenged compounds in a cost-efficient manner. This review summarizes the current knowledge available on solubility and bioavailability problems and gives an overview of the solubility and bioavailability enhancing techniques that can be used to overcome these problems [18].  
3. BCS Class II and IV Drugs: Challenges
Characteristics of BCS Class II drugs (low solubility, high permeability)
Class II drugs comprise the largest number of new drug substances coming out of the pharmaceutical industry. These drugs offer their own shares of challenges because of their low solubility and high permeability attributes, making drug development difficult for formulators. Formulators are obliged to confront diverse problems in getting drugs of this class into the market. Drugs of these kinds are typically formulated as soft gelatine capsules or as simple solutions. There are a significant number of formulations designed with one or more solubilization techniques to enhance the solubilization of some drugs of this class, to extend their bioavailability [19] [20]. 
The Biopharmaceutical Classification System (BCS) was introduced to aid correlation between the solubility, permeability, and oral absorption of drugs. According to this classification, drugs belong to one of the four classes depending on their solubility and permeability. In this classification, Class II drugs are those whose solubility in aqueous media is very low, whereas their permeability is very high. Typically, Class II drugs display a slow and erratic absorption profile in vivo, and greater solubilization may lead to a faster and more consistent absorption profile as well as a higher and more consistent systemic exposure [21]. Characteristics of BCS Class II and IV high/difficult solubility are also detailed. These are often described as positively correlated, but that is not true in all situations. Armed with this new classification, regulatory authorities formed a rapidly emerging consensus that in vitro measurements of drug solubility in aqueous media could be used to differentiate between the four classes of the BCS. In 1996, the BCS was employed to propose a biopharmaceutical classification for immediate-release solid oral dosage forms. Subsequently, similar guidelines were suggested by other regulatory agencies [22] [23].   
Characteristics of BCS Class IV drugs (low solubility, low permeability)
Most of the novel entities discovered as drug candidates have poor bioavailability due to their limited solubility and dissolution rates. This defect in biopharmaceutical properties, which corresponds to class II or class IV of the Biopharmaceutical Classification System, not only affects the first-pass pharmacokinetics and pharmacodynamics of the lead molecule but may also bring considerable technical hurdles to development [24]. Formulation of bioavailability-enhanced products at early developmental stages using various progressive tools of formulation biotechnological relevance is illustrated in this review. Class IV of the Biopharmaceutical Classification System generally includes drugs with both low solubility and poor permeability characteristics. For these compounds, the relative bioavailability tends to be low due to poorer solubility, thus causing low internal concentration. Even when some forms of drugs are in saturated states, no absorption from the intestinal lining is possible due to low permeability [25] [26]. 
Clinical implications of poor solubility and bioavailability
The advancement achieved in understanding and diagnosing disease states and inherited disorders, in identifying and cloning targeted protein molecules, and in devising a therapeutic agent to intervene therapeutically to maintain health or restore appropriate metabolic equilibrium is indeed remarkable. Unfortunately, several major problems have not been fully resolved. One of these problems is that a significant number, approximately 40-70%, of the new chemical entities displayed poor solubility and limited bioavailability, particularly for BCS-class II and IV drugs. This poor drug solubility and low bioavailability might further be influenced by factors like high dose, increased side effects, variable pharmacokinetic behavior, slow onset of action, difficulty in reaching the site of action, and low or no patient compliance. To improve the solubility of poorly water-soluble drugs, bioavailability enhancement techniques and novel dosage forms are of great interest and importance in drug development. Remarkable scientific and technological progress has been witnessed in this area [27]. 
4. Techniques for Solubility Enhancement
4.1 Physical Methods
Solubility is the first step toward the field of oral drug dissolution and control, particularly for high-dose hydrophobic drugs. Solubility enhancement, in contrast with many of the other solubility factors, is unique, as it has a limited range of functions and is specifically associated with drug development [28]. However, technologies for solubilizing poorly soluble drugs include several physical properties that seek to enhance the solubility of solid drugs, including micronization, crystallization, and polymorph processing. This review provides a brief overview of the various drug solubility and bioavailability development processes, with a focus on substances that may incorporate chemical modification, particle size manipulation, amorphization, thermal synthesis, ethyl alcohol preparation, utilization of hydrotropes and surfactants, and the development of solid solutions and quick release systems, as well as their associated techniques and applications, and a brief overview of the uses every year [29]. Micronization (size reduction) changes both the material size and general physicochemical characteristics. Micronization is a technique that decreases particle size to raise the surface area and solubility rate of solid dosage forms, particularly for poorly absorbed drug materials and large caplet preparations. Surfactants, during micronization, are not affected by the chemical composition of the drug, but they minimize surface tension differences, encourage mixing and crack growth, and boost the stability of the mixture. Particles are detached, cut, and deformed by high-pressure vapor-jet milling. Related technologies involve ball milling and cloud plasma manufacturing as well as ultrasound handling and fluid energy milling. The most crucial factor in the dispersion efficiency of powdered drugs in a liquid solvent is believed to be the uniform and stable link between the two elements. The properties of a drug are determined by the method of participating reactions in particular substances, such as the rate of dissolution and solubility [30]. 
Particle size reduction (micronization, nanonization)
Under the Federal Food, Drug, and Cosmetic Act, drug substances are subject to solubility requirements. To bypass these requirements, as well as to increase the solubility of a compound with low biopharmaceutical properties, a classification system was developed, which also leads to easier progress for formulators who face problematic solubilities. In this study, ways of increasing the solubility and bioavailability of poorly soluble compounds and making them into a good formulation are mentioned with actual usage examples and case studies [31]. These techniques are in order, such as micronization, spray drying, cogrinding, amorphous/nano salt formations, amorphous solid dispersions, and hot melt extrusion techniques. These techniques can be used under conventional methods daily during formulation and during lead candidate selection in the drug development process if solubility and/or bioavailability issues occur [32][33]. 
Solid dispersions
Solid dispersions have been claimed as a potential solubility and dissolution rate enhancement technique in most successful solubility system enhancement products. The reason for such extraordinary success is the combination of a number of favorable aspects of the solid-state components, which bring about a higher energy amorphous form resulting in benefits like improved solubility with possible bioavailability improvement, using common and novel carriers with cheap, highly scalable techniques to formulate valuable dosage forms, targeting or modifying release, stability under several storage conditions, minimizing segregation problems during processing together with commercial production [34]. Several targets for a solid dispersion have been proposed, i.e., to form a metastable phase, to dissolve a crystalline compound, to achieve altered density, and to achieve the desired bioavailability [35]. 
There are two sorts of solid dispersions: the homogeneous type, usually prepared by melt or solvent methods through rapid cooling from the melt or solvent evaporation, and the heterogeneous type, which is made by mixing the solid carrier and the drug in the presence of a solvent, followed by evaporation of the volatile solvent to leave the drug in the carrier. Its dosage form can go from tablets, films, to capsules, granules, minitablets, and multitablets [36] [37]. 
Cryogenic techniques
Cryogenic techniques permit solubility enhancement of poorly soluble drugs in aqueous media. They involve an extreme decrease in media temperature during the interaction of the drug with water or with the solvent containing drug molecules, down to the range of 0ºC to -196ºC, where no crystallization of the solvent occurs, thus facilitating solvation of solute molecules in the solvents. The inflection temperature, which marks the beginning of the dangerous area for cryogenic techniques use, is regarded as the temperature of volume water crystallization (0ºC) or, as an example, the temperature of vitrification of water under ultra-fast cooling (which exceeds 70ºC) [38]. It is taken into consideration that most excipient preparations of pharmaceuticals contain volume or vitrification-end water content, under the influence of several factors, ordinary or prolonged interaction with the drug molecules. In the first part, the families of the methods and the conditions to be avoided as dangerous at cooling down of aqueous media below 0ºC are discussed. In the second part, methods where the excipients, water, and other solvents are involved at deep cryogenic temperatures are reviewed [39]. In the second part, methods where the excipients, water, and other solvents are involved at deep cryogenic temperatures, in various aspects of the emerging interest in discovering the properties of biological molecules at very low temperatures in cryoprotection and lyophilization methods given to the pharmaceuticals at the last transitional temperature marks by cryogenic. Cryogenic techniques, which have been a very recent topic in the last years in pharmacy, interest in the techniques. Many problems are yet to be resolved to obtain standard methods for the solubilization and higher bioavailability of poorly soluble drugs. These drugs have very low water solubility requiring solubility enhancement to improve their bioavailability and in vivo performance regarding complete drug release [40]. 
Co-grinding and co-milling
Co-milling is like co-grinding; the main difference is that it is carried out under cryogenic conditions. The wet assay was initially used to determine the amount of amorphous or solubilized drugs in the solubilizing agents more efficiently than other physical techniques [41]. Ball milling, nitrogen blowing, and spray drying are efficient preparative techniques for manufacturing highly amorphous form mixtures to enhance solubility and drug bioavailability of drug compounds [42]. Among these techniques, co-milling with a soluble cyclodextrin showed not only interactions between cyclodextrin and the guest but also excellent dispersion performance of the complexes. While most of these techniques have been emphasized for the amorphization of drug molecules, the properties of their solubilization states/profiles were not clearly described [43] [44]. 
4.2 Chemical Modifications
Chemical modification of drugs can be achieved by the introduction of a functional group that can form hydrogen bonds with water, creating polar and hence more soluble compounds. An example of this approach would be the conversion of a carboxylic acid into a salt or amide. A similar approach is the introduction of hydrophilic groups such as carbamate, ethylene glycol ether, or phosphorylcholine moieties, bromination, and introducing high melting points to ethacrynic acid. The main drawback of making chemical changes to current drugs is that the metabolism, pharmacokinetics, stability, chemical, and physical properties of compounds will be affected. The introduction of high numbers of chemical variables increases the chances of adverse detrimental findings [10]. When manipulating active ingredients of a product to develop new formulations, it is important to appreciate the pivotal role that pharmacokinetic absorption plays in optimizing clinical effectiveness due to constraints on the solubility often placed on the design of a delivery and especially a modified release formulation [7]. 
Salt formation
Salt formation is one of the oldest strategies used to optimize the physicochemical properties of compounds. It is widely used to increase aqueous solubility and dissolution rates. Salt formation may therefore lead to bioavailability enhancement by overcoming poor solubility problems [44]. An organic salt is generally composed of a positively charged basic ion and a negatively charged acid ion. Salts of organic drugs are formed by neutralization of the organic basic compounds with suitable acids or neutralization of the organic acid compounds with suitable bases. Various salts of organic drugs such as citrates, carbonates, bitartrates, and benzoates can be prepared. The counter ions are selected from several potential cations such as sodium, potassium, calcium, magnesium, and others [30]. The goal is to form an adequately soluble salt with the required physicochemical properties. 
To select the right counter ion to form the salt, hydrate information is required, as this would allow the selection of the anhydrous cation to form the salt in an environment with good storage conditions. As the ion-ion interaction is an important factor in determining the stability of the salt, specific acid-base interactions could be employed to optimize the salt form [45]. The new environment could provide the possibility to convert an acid for which conventional counter ions such as potassium and sodium are used into ammonium or hydrogen salts. For a base containing a weakly opposing moiety such as imidazole, methane, or propane marks moderate base strength, while for a strong base such as ethene or carbamate, no counter ion effect is demonstrated [46] [47].
Prodrug approaches
The term "prodrug" is applied to a chemically or enzymatically modified derivative of an active drug substance that must undergo chemical or enzymatic transformation before an active metabolite is produced after oral administration [48]. The idea of converting drugs into prodrug forms arises from the need to develop safer, more effective, and more convenient methods of delivering drugs than those currently available. Various properties of the active parent drug can be improved by converting it to the corresponding prodrug [49]. Application of the prodrug concept for the development of orally administered drugs with improved performance properties is particularly motivated by the oral administration being the most preferred for delivering drug molecules to humans because of its safety, efficacy, painlessness, and convenience, as well as the well-controlled and constant drug delivery [50]. Prodrug development is especially attractive when oral delivery is problematic because of poor water solubility, low oral bioavailability, poor chemical or enzymatic stability, and/or delivery to specific sites [51]. 
Co-crystallization
Crystallinity enhancement methods such as co-crystallization, solid dispersions, and spray drying lead directly to the enhancement of solubility if the drug shows the solubility-density relationship explained in the previous sections. Of the prominent enhancement techniques, co-crystallization, a new concept observed in pharmaceuticals, has a few advantages over the others. Co-crystallization encompasses not only enhancement of solubility but also modification of physicochemical, and hence even pharmacokinetic, properties of the drug without changing the parent compounds of drugs [52]. Co-crystallization is a very sophisticated technique in which a co-former not only improves physical properties of drugs like solubility, bioavailability, and permeability, but also may impart API properties that are not naturally present in the commercial API. The most remarkable advantage of co-crystals is that changes in API properties are achieved through decorating or tailoring API as a general concept without structural modification of the drug [53]. Co-crystals enhance aerodynamic particle size distribution, resulting in particle engineering for more effective inhalation delivery of poorly water-soluble drugs. Crystalline structures may alter dissolution profiles of poorly water-soluble drugs. Co-crystals may change or modify dissolution kinetics, resulting in altered pharmacokinetics, and thus potentially improve the in vivo performance of drugs that have low water solubility [54]. Co-crystal formation has several embodiments, one of which comprises heating the API with a co-former to co-crystallize the API, another of which comprises direct reaction of the API and a co-former. Some co-crystals may be produced by solid-state grinding of a mixture of two solid-state APIs and a co-former, and sometimes solvent-drop grinding, after which the ground components are suspended in a small volume of solvent, followed by evaporation to produce the desired product [55][56]. Currently, co-crystal studies are largely used to improve solubility and bioavailability. 
4.3 Nanotechnology-Based Approaches
Nanotechnology-based approaches, such as nanocrystals, microfluidics, microemulsions, nanoemulsions, and nanoparticles, have been used to enhance the solubility of sparingly soluble BCS class II and IV drugs. These approaches minimize the size of drug particles to nanometer ranges, which significantly increases the effect of their solubility enhancement [57]. Utilization of nanotechnology for solubility enhancement can significantly decrease the dose and frequency of administration, improve patient compliance, and confirm the drug’s therapeutic efficacy, thus reducing the risk of potential systemic side effects [58]. Nanotechnology has shown a significant effect on drug solubility enhancement and drug efficacy. Nano approach preparation could generate a wide range of nanocarrier drug delivery systems for traditional treatment, delivery of the drug by a particular pathway, a high loading of hydrophobic drugs, the inclusion of a hydrophobic molecule, and the enhanced control of release of the drug [59]. Nanocarriers for the drug are nano-sized drug delivery systems, and in a complex manner, they are biodegradable and biocompatible. Formulation of nano-sized particles can increase the solubility of the drug, reduce drug toxicity and metabolism, enhance bioavailability, and improve target ion delivery. With advancements and a better understanding of solubility, solubility issues will be addressed in a broader range of new chemotherapeutic agents from nano-sized products [24]. 
Nanosuspensions
Nanosuspensions consist of pure drug crystals, which are either partially or completely dissolved, suspended in an aqueous solution containing surfactants and/or polymers. Drugs can be incorporated into nanosuspensions from any of the four Biopharmaceutics Classification System classes [60]. Nanosuspensions for BCS Class II and IV drugs are mainly formulated using homogenization or wet milling techniques. These drug particles are in the nano range, show a higher solubility, surface area, and faster dissolution, and exhibit higher drug-loading capacity, but may aggregate and form crystals during storage [61] [62].
Nanosuspensions are formulated using several techniques such as homogenization, wet milling, precipitation, supercritical fluid technique, and media milling. Nanosuspensions provide several benefits, which include increasing the saturation solubility, dissolution rate, and membrane permeability, as well as reducing local and systemic toxicity [63]. These drug molecules enhance the overall oral bioavailability, minimize the inter- or intra-subject variations, eliminate the individual dosing recommendations, and maximize therapeutic outcomes [64]. These drug molecules can dissolve faster; consequently, nanoparticle formation facilitates up to a 100% increase in the dissolution rate and the duration of action while reducing poor aqueous solubility[65]. 
Lipid-based formulations (SLNs, NLCs)
The size of the NLCs and their particle shape play an important role in controlled drug release; smaller size yields a faster onset time with higher bioavailability. Polyoxyethylene fatty acid esters are efficient excipients for increasing the stability of both SLNs and NLCs [66]. They prevent aggregation of the lipid nanoparticles in the presence of polymeric stabilizers by altering the surfactant capacity: a mechanical steric hindrance effect. Therefore, they are a better choice for the lipid nanoparticles as compared with Polysorbate 60. The stability of glyceryl tristearate-based NLCs was improved using oleoyl macrogol glycerides or non-ionic emulsifier, whereas the risk of polymorphic transformations of the solid lipid during storage was increased [67]. The loading of the NLC with lipid-soluble drug can provide higher drug benefit from a lower amount of lipid, such as α-tocopherol. The in vivo results for NLCs containing α-tocopherol and α-tocopheryl acetate showed highly variable bioavailability, as higher estimates were obtained for the liquid formulations. The in vitro data showed higher solubilization rates of α-tocopherol from the liquid than from the solid lipid nanoparticles. The particles with 6% lipidic phase and elevated drug saturation might have great importance in the prevention of the metastatic spread of cancer [68]. (Bhalani et al., 2022)(Kumar et al., 2023)(Van der Merwe et al., 2020)(Grifoni et al., 2022)(Elshafeey & El-Dahmy, 2021)(Masjedi & Montahaei, 2021)(Baryakova et al.2023)(Jakubowska & Lulek, 2021)
Polymeric nanoparticles
Polymeric nanoparticles are one of the largest groups of nanoparticles receiving much attention and are one of the most extensively developed types of nanoparticles for the purpose of drug delivery. Polymeric nanoparticles are large molecules, with dimensions ranging in size from 10 nm to a micrometer, produced through various processes formed from all types of polymers [69]. They are preferred for their biodegradable and biocompatible nature, non-toxic, and ease of association with molecules exhibiting a high drug loading efficiency. Moreover, they are easily absorbed, accumulate at the target site, and release drugs in a controlled fashion. This enhances drug bioavailability, reduces drug toxicity, and lessens drug elimination. The drug is stored with added stability; hence, it is useful for increasing drug solubility [70]. Polymeric nanoparticles have become a preferred choice for drug delivery in recent years mainly because of their varying drug releasing properties followed by inherent biodegradability. Hence, researchers prefer to synthesize them as effective drug delivery carriers. The side effects of chemical drugs, their rapid elimination from the body, and their poor solid dispersion methods have led engineers in the pharmaceutical department to innovate varying formulations for the effective treatment of diseases [7]. The nanoparticle consists of polysaccharides, synthetic and natural polymers, as well as proteins, lipids, and others. Formulation methods and techniques for the preparation of polymeric nanoparticles and the characteristics such as physical stability, entrapment efficiency, matrix degradation, and drug release kinetics are covered in this research, and the behavior of drug-loaded nanoparticles and their uptake by cells are also discussed [71]. 
4.4 Miscellaneous Techniques
One of the techniques is the use of hydrophilic polymers in the world. Hydrophilic polymers are used in the form of solutions in flavors-grapefruit juice and water [72]. Various cellulose derivatives such as hydroxypropylmethyl cellulose, hydroxypropyl cellulose, methyl cellulose, and mixtures thereof are utilized in flavor-grade hydrophilic polymers. The proportion of hydrophilic polymer in the formulations necessary to achieve solubility enhancement varies widely and depends upon the drug as well as other excipients contained in the formulations [73][74]
The second technique is the formation of a citrate complex to improve solubility. The production of solid dosage forms comprising an active ingredient that does not contain a low solubility enhancing effective quantity can also include solubility enhancing agents, including acidic components in combination with agents such as citric acid or another alkyl citrate [75] [76]. The citric acid can be present in relation to the active ingredient to improve solubility enhancement. 
Supercritical fluid technology
The supercritical fluid technology has been mainly used in the enhancement of the solubility and bioavailability of active pharmaceutical ingredients (APIs) and has also been widely used in natural product or protein extracts [77]. The reason for its popularity is that supercritical fluids possess great potential to be "one-step" solvents, and the products processed by supercritical fluids have the advantages of free solvent residuals, high yield, high purity, and easy collection [78]. The major drawback is related to its unsuitable solubilizing or dissolving abilities. This is because supercritical fluids possess poor solubility or dissolving abilities for many functional nutrients when they are applied to functional food processing [79]. For example, supercritical fluid has a low solubilizing ability for water-soluble substances, which are generally found in functional nutrients such as polysaccharides, proteins, nucleic acids, amino acids, organic acids, vitamins, flavonoids, and phenolics [80]. 
Two main routes could be followed to improve the solubilizing and dissolution abilities of supercritical fluids. The first one is chemical modifications, such as saponification, semi-synthesis, glycosylation, phytomodification, phosphorylation, and nanoparticle encapsulation [81]. The latter involves supercritical solvent technology, which can dissolve those water-soluble nutrients through co-dissolution with water under certain supercritical conditions. Some important advantages of selective precipitation or extraction with a supercritical fluid-added co-solvent to the supercritical fluids technology include high selectivity, high extraction efficiency, minimal extraction of co-solvent, relatively reduced toxicity, user-friendly working with only a pressure reduction before collection, moderate density, suitable dispensability to supercritical fluid in specific quantities, relatively low-cost co-solvents, and bioactivity preservation of extracted nutrients (especially proteins and polysaccharides) due to the absence of heat, pH, ionic strength, organic solvent, pollution, and denaturizing reagents [82] [83]. 
Use of surfactants and cosolvents
Solubility and bioavailability enhancement of poorly soluble compounds can be achieved effectively using surfactants and cosolvents both separately and in tandem [7]. These two physicochemical properties, surface activity and solvency transitions, permit the optimization of the microenvironment in contact with the drug solid. Enrichment of drug solution concentration in the constitutive fluid has been demonstrated to increase the extent of drug absorption, the extent of drug brain uptake, the onset of drug action at a given dose, and the therapeutic ratio of many drug compounds [59]. The two solubility enhancement techniques are used effectively in various marketed products, but the selection of the optimal surfactant and cosolvent composition can be a complex task. 
One-pot and parallel synthesis procedures are used to address an example template of a cosolvent-plus-surfactant formulation. Ring surface activity testing in combination with log-linear solubility testing generates diagrams. Formulation screening is performed, and a mechanism of action is proposed and validated for a test compound and synthetic derivative [84]. Brain in vivo drug distribution is demonstrated to be increased by fivefold with the most effective cosolvent-plus-surfactant composition with small size and ionic form constraints. The simplicity of the one-pot and parallel synthesis procedures combined with the mechanistic and formulation screening information converge to simplify the design of surfactant-plus-cosolvent solubility enhancement [85] [86]. 
Amorphous solid forms
An amorphous solid form has molecular disorder comparable to that of liquids and gases. The molecular arrangement is very sensitive to the preparation of the glass, and post-preparation aging or storage conditions can change it further [87]. Drugs may suffer from low aqueous solubility due to the crystalline state, which reduces their bioavailability. Techniques such as solid dispersion, amorphous nano-solid dispersion, and evaporative precipitation of nanosuspension were used to overcome this problem. All these are novel methods to produce amorphous nano-dispersion of the drug, which enhances solubility, permeability, and overall bioavailability of the drug orally [7]. Solubility and bioavailability of amorphous drug solid forms are utilized and improved through these types of materials. Formulation science and technology of such preparations are still striving to conquer the global rate-limiting absorption barrier. The amorphous form has attracted much attention because of its desirable properties, including higher solubility and faster dissolution rates [38]. Careful preformulation and the selection of amorphous solid forms with minimal potential crystallization can prolong these benefits. Amorphous forms show superior physicochemical and biopharmaceutical advantages compared to the drug in its crystalline state. This review provides an overview focusing on types of amorphous solid drug forms, their formation, characterization, and stabilization methods [88]. 


Table 2: An overview of techniques used for solubility and permeability enhancement 
	Category
	Solubility Enhancement Techniques
	Permeability Enhancement Technique

	Physical Modification
	Particle size reduction-
· Micronization
· Nanonization
	Lipid based formulation
· SMEDDS
· SNEDDS

	
	Solid dispersions
	Permeation enhancer
· Fatty acids
· Surfactants

	
	Crystal engineering
· Polymorphs
· Cocrystals
	Liposomes and Nanocarriers

	
	Amorphous solid forms
	Prodrug approach (modifying functional group)

	
	Complexation (cyclodextrin inclusion complex)
	Transdermal and mucoadhesive system

	Chemical modification
	Salt formation
	product development (to improve passive diffusion)

	
	Co-crystallization
	Ion pairing (masking charge to enhance absorption)

	
	Prodrug synthesis
	esterification of lipophilic derivative

	
	pH modification (Buffering agent)
	bio reversible conjugate

	Formulation approaches
	Use of surfactant
· SLS
· Tween
· Poloxamers
	Use of bile salt and fatty acids

	
	Self-emulsifying systems (SMEDDS, SNEDDS)
	Gastroretentive drug delivery system

	
	Hydrotropy (Use of hydrotropic agents)
	Mucoadhesive Nanoparticles

	
	Nano/ microemulsion
	Layered delivery system for controlled release

	Processing Techniques
	· Spray drying
· Freeze drying
	Hot-melt extrusion for controlled permeability

	
	Supercritical fluid technology
	Microencapsulation for controlled release

	
	Hot melt extrusion
	Nanoparticles and lipid based carriers

	Biological Approaches
	Use of solubilizing excipient (PEG, PVP)
	Enzyme inhibitors (to prevent degradation)

	
	Bile salt mimetics
	Modifying efflux mechanism (P-gp inhibitors)

	
	Co-administration with solubility enhancers
	Use of permeation enhancers for biological membrane



5. Techniques for Bioavailability Enhancement
5.1 Permeability Enhancers
The oral administration is the most preferred method for the administration of drugs for the treatment of various diseases. Oral drug delivery is faced with the challenges of overcoming the intestinal barriers, including the mucus layer and absorptive epithelium, which significantly impede the permeation of lipophilic drugs due to their low water solubility [89]. This has led to the investigation of various drug solubility and bioavailability enhancement strategies, which include lipid-based systems, surfactants, solubilization, solid dispersions, eutectic mixtures, steric stabilizing polymers, and bioenhancers [90]. The current study reviews the available strategies for solubility and bioavailability enhancement, with more attention on bioenhancers due to their added ability to overcome the barrier properties of the intestinal mucosa [90].  
Despite these disadvantages, these methods have been effective and have allowed for the formulation of many poorly aqueous soluble drugs, thereby enhancing their bioavailability [91]. The improvement in bioavailability can be either via an increase in the permeability of the drug itself, an enhancement in the intestinal absorption of drugs, and/or modulating the physicochemical properties, which contribute to the lactonization reaction of the compound. Permeability enhancers have been investigated to increase drug absorption, but their use is associated with irritation and/or inflammation of the gastrointestinal tract. Consequently, alternative techniques that would be effective but devoid of these disadvantages investigate the use of bioenhancers [92][93]. 
Use of absorption enhancers (e.g., surfactants, bile salts)
The main job of absorption enhancers (AEs) is to increase the paracellular transport of poorly absorbed drugs. This transport is hindered by the tight junctions (TJs) among enterocytes [94]. An AE loosens TJs by reversibly altering the lipid bilayer(s) of the TJs. AEs also have nonspecific effects in the membrane, normalizing the viscosity and fluidity of the lipid bilayer(s), disturbing the basal border membrane function, and reducing the layer of aquaporins [95]. All these effects are transient, and the TJs may return to their original state after removing the AE from the absorptive site, so normal drug absorptive function may also be restored. Another action mechanism is the indirect effect on enterocytic metabolism: AEs increase the activity of phosphorylating enzymes or decrease that of phosphatases and hence cause the dominance of phosphorylation, disrupt the sphingolipid metabolism, as well as the disulfide bonds caused by calcium [96]. 
The general effect of caprate, which is the most widely studied AE, is usually considered as endocytosis and phagocytosis. This AE is the C10 fatty acid and can be found in abundance in products of the digestion of fatty-rich food. Due to its capacity for dissolution assistance, lipid solubilization, and digestion, caprate poses a dual effect on drug absorption [97]. It helps more hydrophobic drugs to solubilize, and secondly, it allows lipid-soluble drugs and nutraceuticals to participate in the lymph, bypassing the liver and escaping the first pass [98]. 
In addition, caprate disorganizes the structure of the mucin layer while decreasing the expression and function of MTT, Muc2, and TLR4. Doses of this drug also induce the secretion of cholecystokinin, BDNF, GDNF, and NGF. Due to these multiple advantages of oral delivery of drugs and the few solid results of scientific studies, caprate has been tested both preclinically and in pharmaceutical pedagogy to treat various diseases [99]. The most variable information on caprate-transported drugs reveals that the bioavailability of caprate can be variable and highly drug-dependent. In general, drugs that have the highest level of dependence on the function of P-glycoprotein regarding mRNA organization and biophysical monitoring benefit the most from concurrent caprate administration; whereas, typical caprate-used compounds have low solubility and depend on gastric bilayers [100] [101]. 
5.2 Lipid-Based Drug Delivery Systems
This approach can be dated back to the fourth century with the introduction of mother's milk as a vehicle to administer fat-soluble medicines. In the last two decades, considerable advances have been made with these drug delivery systems. Lipid-based drug delivery systems have been used primarily to improve solubilization, enhance gastrointestinal absorption, and bioavailability of water-insoluble and/or lipophilic drugs [102]. The biopharmaceutical classification system class II compounds include those compounds that, upon dissolution, exhibit an insufficient rate and extent of absorption, while class IV compounds are poorly soluble both in the gastrointestinal tract and in water [103]. Lipid-based drug delivery systems are particularly suitable for the delivery of class II compounds to clearly enhance drug solubilization and release within the gastrointestinal tract. Additionally, they have been reported to be beneficial for class IV compounds by overcoming the slow dissolution of the compounds [104]. In a bid to improve in vivo performance, a range of lipid-based formulations can be designed. 
Lipid-based drug delivery systems have a broad application for poorly water-soluble compounds and present unique advantages for soluble and permeable active pharmaceutical ingredients. This is particularly appreciated when attempting to develop pediatric medicines, where it is demanding to find excipients allowing active pharmaceutical ingredient delivery that are both safe and satisfying [105]. It can also benefit geriatric and dysphagic patients by providing a softer and more flexible tool, allowing the beneficial use of active pharmaceutical ingredients with unacceptable safety profiles, as well as a possibility to modulate release by the characteristics of the meal. Besides the solubilization-enhancing aspects, lipid excipients have low melting ranges, thus facilitating processing in terms of liquid preparations, filling into soft or hard gelatin capsules, and compounding with powder or pre-blends for solid lipid-based formulations [104]. 
Self-emulsifying drug delivery systems (SEDDS)
Self-emulsifying drug delivery systems (SEDDS) are one of the most widely used strategies for enhancing the bioavailability of lipophilic drugs. They are a class of lipid-based formulations applied to improve the dissolution rate and achieve better aqueous solubilization of hydrophobic drugs [106]. The main purpose of the SEDDS formulation process is to design a thermodynamically stable formulation that can retain stable globules without re-coalescence and complete emulsification when exposed to an aqueous phase, ensuring that the drugs are immediately distributed into the emulsion droplets and that the original morphology is preserved after encapsulation [107]. SEDDS have been applied to solubilize and enhance several model drug molecules in the gastrointestinal phase, such as clozapine, midazolam, risperidone, tacrolimus, albendazole, acitretin, and itraconazole [108]. 
SEDDS formulations are a promising strategy to enhance the oral bioavailability of lipophilic drug candidates. They allow for the self-emulsification of these drugs in the intestinal environment, improving their dissolution rate and solubilization in gastrointestinal fluid, leading to greater drug absorption. Important advantages of SEDDS include improved dissolution rate, action in the gastrointestinal pH, enhanced bioavailability, reduced variability, low preparation cost, and higher drug load when compared to other drug delivery systems [109][25]
Liposomes and phytosomes
Liposomes and phytosome technologies are considered lipid or phospholipid-based drug delivery systems, often for poorly water-soluble bioactive compounds and drugs, to enhance solubility, dissolution, permeability, bioavailability, and safety of the drug in the body in preclinical, clinical, as well as post-marketing studies [110]. Liposomes are very versatile and unique 'nano-carriers' with the ability to encapsulate a variety and large number of drugs, biologically active substances, and blood components. Phytosomes are widely used in pharmaceuticals, nutraceuticals, medical cosmetics, and cosmeceuticals, especially for enhancing bioavailability, improving therapeutic performance, reducing the side effects of toxic drugs, and preserving the cosmetic effects of bioactive compounds [111]. All the bioactive molecules, including vitamins, minerals, flavonoids, polyphenols, and other medicinal agents, play a vital role in managing human diseases and skin care management. However, because of their poor water solubility, limited permeability across cell membranes, and poor metabolic stability at intestinal and skin levels, the therapeutic utility of these medicinal agents often remains unsatisfactorily poor. As a result, the scientific community has made significant efforts to design and develop various pharmaceutical drug delivery systems to improve the therapeutic efficacy and safety of these molecules [112]. Liposome and phytosome technologies, with enhanced solubility, dissolution, stability, and permeation enhancement capability, are the two main pharmaceutical technologies, providing a versatile solution by incorporating the bioactive molecules in the bilayers of lipid structures [113]. 

5.3 Advanced Drug Delivery Systems
Advanced drug delivery systems refer to the group of technologies aimed at developing pharmaceutical dosage forms that, when administered to the biological system, are expected to result in improved efficacy and/or safety. Currently, with the advent of nanotechnology, advanced drug delivery systems have become a bridge between advanced materials and life sciences. The idea is to design drugs to render them more efficient, with a lower dose, serving the purpose for which they were devised, but with fewer side effects and expanding their clinical benefits [114]. The advances in the field of pharmaceutical technology enable the manipulation of drug properties, extending the potential of drug delivery to enhance bioavailability, altering drug release, and targeting drug delivery. The market leaders of the pharmaceutical industry have been turning to these strategies to solve their problems and avoid the barriers put in place by combinatorial hazards, regulations, and higher end doctor stoppage to new therapies [115]. The development of advanced drug delivery systems has thus been increasing, and the number of dosages forms available has become greater and greater. Many novel drug delivery systems have been introduced during the past few years, and a significant number of products are being developed for BCS class II and BCS class IV drugs with the intent of improving their oral bioavailability. In this context, the main advanced drug delivery systems, e.g., self-emulsifying drug delivery systems, lipid nanoparticles, polymeric nanoparticles, solid lipid nanoparticles, microemulsions, and amorphous solid dispersions, are discussed [116]. 
Transdermal patches
Transdermal patches (TP) are delivery systems applied to the skin, which contain appropriately prepared medicated preparations that are gradually released from the patches for transdermal absorption across the skin and into the systemic circulation [117]. The use of transdermal patches has several advantages, such as improved drug bioavailability, rapid onset of drug action, reduced adverse effects, reduced dosing frequency, easy termination of drug administration in case of severe adverse drug reactions, and improved compliance [118]. Transdermal drug delivery has some limitations, such as the inefficient administration of loaded drugs due to a lack of an optimal protocol for TP administration. Moreover, new preparation protocols should be developed to enhance the bioavailability and solubility of TP drugs with the fewest side effects. These protocols include the incorporation of nanoparticles, the use of surfactants and co-solvents, and the application of microneedles [119]. 
Transdermal patches are used for the release of several poorly soluble drugs, whose poor solubility leads to low bioavailability. Solubility enhancements are required to achieve desired TP fluctuation doses. Usually, a poorly soluble drug does not achieve ideal solubility enhancement after inclusion in the patches. Besides, the concept of partitioning the poorly soluble drug between solid and solvent provides dual benefits: enhanced solubility of the poorly soluble drug in the microenvironment of the skin, leading to its dissolution and higher diffusion of the drug into the skin [120][121]. 
Controlled release systems
Controlled release systems are used to alter the drug release mechanism, aiming to prolong, facilitate, or modify the rate at which the API is released, as well as transverse or bypass the changes that may occur in the physiological environment and, therefore, to act more efficiently, with lower side effects, or increase the drug bioavailability [122]. This type of pharmaceutical is traditionally used in the treatment of chronic diseases where the pharmacokinetics of the drug did not meet the pharmacokinetic–pharmacodynamic relationship [123]. Thus, controlled release systems can modulate the release of the API in a way that there are lower peak levels of drug in the bloodstream, thereby improving patient compliance. It is possible to modulate the release of API from the carrier polymeric system through different techniques, such as the use of plasters, nanoparticles, liposomes, and lipid nanoparticles [124][125].
Although there is a large amount of data related to the use of controlled release systems, it is important to highlight that food intake alters the release rate of many drugs, thereby changing the absorption, bioavailability, and consequently, the therapeutic effect of the drug [126]. In addition, it is important that researchers interested in modulating the release profile of the polymeric carrier coupled with the API consider possible variations in specific absorption or in the drug release curves before defining the architecture of their pharmaceutical systems, aiming to minimize impacts and ensure a reliable in vitro/in vivo relationship, which is proven through studies of density absorbance and drug release with other experimental planning approaches [127] [128]. 
5.4 Pharmaceutical Additives and Excipients
Pharmaceutical excipients are considered the inactive substances included in the prescription to enhance the chemical and physical properties necessary to formulate the drug. Pharmaceutical additives also promote the ease of administration, bioavailability, stability, and patient acceptance [129]. The selection of the appropriate additives leads to the enhancement of the physical properties such as flowability, dissolution, solubility, stability, hygroscopicity, compressibility, character, and manufacturability of the formulation. The appropriate quantity of additive, manufacturing process, quality of raw materials, and cost are also as important as the selection of an appropriate excipient [7]. The role of the excipients in the formulation is not only for bioavailability and solubility enhancement; it also enhances the shelf life, dilutional stability, and ease of handling of the drug substances as the process characteristics of the controlled release formulations [130]. 
The pharmaceutical additive Gelucire belongs to a class known as hydrogel solicates derived from PPG and mostly glycol stereates, known for their combination of solubilization and inhibition of precipitation during supersaturation formations [131]. Gelucire, along with the terpenes, shows a synergistic effect on solubility enhancement. Amphiphilic cyclodextrins are known for solubility enhancement, inhibiting precipitation, and promoting permeation through cell layers, hence offering good potential for solid oral preparations. Surfactants, such as lauroglycol and PEG 8 caprylic/capric glycerides, enhance solubility and offer ease of handling. These classes of SLS are also termed self-microemulsifying drug delivery systems, converting the pharmaceutical product into a clear or fine emulsion [132] [133]. 
The pharmaceutical additive polyvinyl alcohol, in combination with ethylene glycol, causes solubility enhancement and supersaturation of the drug, which in turn results in rapid dissipation [134]. High HLB and low melting point fatty acids like oleic acid, palmitic acid, and stearic acid offer solubilization; in addition, they prevent precipitation, making the solution's kinetic profile slow. Similarly, fatty alcohols like 2-octyldodecanol enhance the bioavailability of poorly soluble drug substances and increase the conversion of crystalline drug forms to metastable/supersaturation states [135]. Hydrophilic polymers such as HPC EXF elevate the apparent solubility by virtue of water absorption, forming a swollen polymer that gains a solubilization effect on the drug substance. Genebeck humulene epoxide and Sorbaval are the pharmaceutical additives of terpene type [136] . 
Role of cyclodextrins
Cyclodextrins are generally considered hydrophilic in nature. However, the continually changing regions are quite lipophilic. These structures can entrap drugs to improve their solubility and bioavailability. The real measure of the lipophilicity of cyclodextrin inclusion complex guest molecules is the dissociation constants. Many techniques are used to verify the resulting cyclodextrin inclusion complexes in an aqueous environment. These techniques include complexation abilities, zeta potential changes upon complexation, phase solubility analysis, NMR spectroscopy, FTIR spectroscopy, X-ray analysis, and small-angle X-ray scattering studies [137]. The phase solubility method is normally used for the solubility increase of guest molecules in the order of A-type > B-type > C-type in cyclodextrins. Inclusion circular dichroism was performed for certain guest molecules in modified β-cyclodextrins. Reports confirmed that the guest molecules can partially penetrate the surface of the cavity of the cyclodextrins, resulting in a considerable conformational change [138][139]. 
Polymers for sustained and enhanced release
Polymers are the most widely used excipients for their property to sustain and enhance drug release. They act as a protective barrier for the drug molecules. They can be insoluble, soluble, semi-soluble, biodegradable, and bio-erodible, which aid in drug release [74]. It also highlights different classes and examples of polymers that can be used for various drug deliveries. Different polymers act by using physical blends, chemical modifications, and include novel polymers. In recent years, novel class II/IV polymers have been identified that can enhance bioavailability [8]. A complex technique that involves the fusion of active pharmaceutical ingredients and polymers can enhance their bioavailability. Such drug delivery innovations can provide an advanced technique to enhance the bioavailability of drugs [114]. 
Due to this, drug release is significantly sustained and can be extended for several days or even achieve zero-order drug release. Polymers that are applied orally target the drug to the lower part of the gastrointestinal tract and improve drug bioavailability [140]. Sustained drug release means longer activity, safety for higher doses, and better patient compliance. The transport of molecules with poor permeability in the human gastrointestinal region can be improved by enteric coating, the use of surfactants, or microemulsification [141]. Polymeric coating can be used in controlled release oral preparations to cover the drug particles, control the release rate of the drugs, and reduce drug loss in the stomach. The technologies of sustained oral delivery systems include microspheres, microcapsules, and hydrogels. The technologies of enhanced oral delivery systems include solid dispersions, pro-drugs, and co-crystals. Polymeric technology is an important part of these processes. (Hua, 2020)(Khotimchenko, 2020)(Arévalo-Pérez et al., 2020)(Zu et al.2021)(Jana et al.2021)(Subramanian et al., 2022)
6. Comparative Analysis of Techniques
Suitability of techniques for BCS Class II vs. Class IV drugs
Solubility and bioavailability enhancement techniques, or enabling technologies, are essential to absorb water-insoluble drugs and thus increase their clinical performance. Most enabling technologies are useful for both BCS Class II and BCS Class IV drug candidates. Nevertheless, while developing appropriate dosage forms, it is necessary to ensure that the bioavailability enhancement technique selected can overcome the specific absorption barrier of a candidate [38] [142] . The present review gives a snapshot of the current state of the most utilized industrial methodologies in enhancing the bioavailability of both BCS Class II and BCS Class IV candidates, thus highlighting their applicability and pointing out the pitfalls and advantages of the oral bioavailability enhancement technologies.
A molecule to be classified in the Biopharmaceutics Classification System (BCS) Class II should be highly soluble and poorly permeable, whereas those in Class IV are defined as poorly soluble and poorly permeable, that is, having low solubility. Since Class II drugs are well absorbed selectively through the gastrointestinal tract (GIT) barrier, one can consider BCS Class II drugs as drug candidates with high intrinsic solubility, which are not lipophilic enough to ensure an effective filling into lipophilic cores of the emulsions being pathways for fat absorption [143]. Thus, a proper system design for the active pharmaceutical ingredient (API) can be a semifinished crystal structure with the introduction of anionic groups, while conversely, in the case of BCS Class IV drugs, the progress of dissolution after the immediate release is the barrier to overcome. 


Advantages and limitations of each method
There are numerous advantages to these methods, including but not limited to easy formulation. They can be used in drugs without mangling their structure, ingredient complexity is decreased, and there is the possible use of different ingredients [144]. There are fewer sealing materials, elevated solubility, and they can be used in formulations destined for other uses. Even though these methods have broad usefulness, they are limited. Each has a different issue; for instance, some are expensive [145]. Challenging formulations are hard to adopt, which increases the cost of distribution of new formulas. For other formulas, patented technology is required to cover molecular complexes, while crystal engineering is not stable for certain drugs [146]. Tablet formulation attempts are directed at improving the mix ratio. Certain issues are also associated with property changes. For eutectic mixtures and heat absorbed during the amorphous solid transformation of metastable polymorphs, device formulation is necessary. Manufacturing surge pressure must be managed, so prevention and management technology is needed to address coatings, two-layer containers, and tablet blends. For flat pellets, transfer is also a major restriction [147]. 
7. Case Studies and Examples
Examples of marketed drugs utilizing these techniques
Deagglomerated microcrystalline cellulose (DMCC) and mineral chelates have been utilized to develop surface area-limited amorphous or molecularly dispersed drug-carrier systems to enhance the bioavailability of poorly water-soluble compounds. A fast-disintegrating oral dosage form was developed utilizing DMCC excipient technology [148]. A proprietary low-density microcrystalline cellulose is processed to achieve discrete, agglomerate-free, quasi-homogeneous, long-rod particulates capable of producing high-porosity compacts [149]. Tablets are capable of absorbing 3-4 times their weight in water and disintegrate rapidly in saliva without agitation. Based on the hyper-dispersible technology, trials have been performed with several poorly water-soluble drugs in combination with DMCC to achieve higher dissolution rates and increases in bioavailability [150]. A formulation of micronized danazol blended with DMCC was developed which, when applied to a tablet, produced an increase in bioavailability of 20% in comparison to the commercial formulation. The true advantage of the dosage form becomes apparent with poorly water-soluble compounds which demonstrate an increase in bioavailability of 3 times the commercial product [151]. 
Nanoparticulate drug delivery systems have drawn increasing attention due to the potential for controlled drug delivery, enhanced drug permeation, longer biological half-lives, reduced toxicity, biodegradability, and enhanced bioavailability [152]. This has led to the advent and commercialization of several new innovator drugs. The transformation of poorly water-soluble medicaments into nanoparticulate dispersion has been limited, and the application of this technology for the delivery of marketed poorly water-soluble drugs is still nascent [77]. On the other hand, most marketed drugs are poorly water-soluble, and an approach that would allow the transformation of these compounds to produce nanosized particles with enhanced bioavailability would have a profound impact on a wider audience [7]. 
8. Future Trends and Research Directions
3D Printing in Solubility Enhancement
A promising technology these days observed as an enabler in overcoming solubility enhancement is 3D printing. With typical printing capabilities ranging layers per unit, it permits printing complex combinations of drug formulations utilizing multiple extrudates. Customization with 3D printing is now much simpler, providing the flexibility to print the required dosage form with a range of drug concentrations while keeping excipient concentrations to the extent required for solubility enhancement [153]. Due to this, the patient-centric strategy has now become simple with 3D printing. The flexibility to increase the loading of drugs is something that excipients could never do, making it an obvious choice in addressing solubility enhancement, where the existing dosage regimen is a restrictor purely due to the physical properties of drugs such as low solubility and high dose [154].
While the superior aspect of 3D printing encompasses so many features at once, it certainly contributes to overcoming many of the current limitations in producing an oral solid dosage form. One of the most important adaptations it offers is that of local delivery. Material extrusion, vat photopolymerization, and powder bed fusion are three common 3D printing methods specifically explored in the context of solubility enhancement [155]. There are numerous benefits to using 3D printing in the formulation of solid dispersions intending to improve their solubility. Examples include possibilities of increasing saturation solubility, rapid dissolution, and the interconnectivity of amorphous nanodomains required by amorphous solid dispersions [156]. Increasing the concentration of API and printing speed are needs of modern day customization, and the same applies to the application of 3D printing in solubility enhancement. Furthermore, it is believed that in the days to come, there will be no limitations to printing dosage forms in any shape and dose. With so many advantages, many of the limitations of existing technologies for solubility enhancement could be imagined to be addressable in the near future [157].
Artificial Intelligence (AI) in Formulation Design
In recent times, there has been a shift of focus from a systems approach to a product-based approach in pharmaceutical formulation. Big pharmaceutical companies, along with other stakeholders in the healthcare sector, are now looking at business procedures and are searching for the transformative alterations in the methodologies of pharmaceutical formulation strategies [158]. This includes evolving a novel dispensing procedure that is required to be fast and compliant with major regulatory agencies. This is imperative for a good understanding of the compounds, understanding the processes of drug formulations, and associating the premises of pharmaceutical formulations with application requirements [159]. The application of AI in designing different types of pharmaceutical formulations and integrating a holistic approach is likely to lessen the time and resources required for product formulations.
Importantly, researchers are utilizing these AI tools in the formulation of drugs and for their utility to enhance drug properties such as solubility and permeability. Recent advances in machine learning algorithms have shown a rapid increase in applications through which various predictions of desirable drug candidates have been made possible. For instance, natural language processing (NLP), one of the key areas in AI, is currently being used for the extraction of data from patents, clinical trial reports, pre-formulation reports, formulation development, filing, and generic patent claims. Since the nucleation and growth of artificial intelligence, particularly machine learning, these tools are now being rapidly incorporated into pharmaceutical formulation designs to take into account large datasets for faster predictions of probable solubility correction details [160][161]. In solubility enhancement, numerous formulations of various drug molecules have been geared towards solubility optimization with different types of machine learning model designs. Additionally, multiple algorithms have been designed to create a novel drug for improving the quality of those medications in a shorter timeframe with minimal resources [162]. 
AI algorithms can perform solubility enhancement in pharmaceutical formulations. These algorithms are trained with solubility data of compounds and their structural and other chemical and physical features, enabling the prediction of a set of chemical and pharmacokinetic responses [163]. Chemoinformatics can employ different algorithms to predict the in silico solubility of compounds. Some of the regression-based models employ the structure–property-based approach. This involves computing different molecular descriptors like the rule of five, TPSA, ESOL, consensus, QSAR, and SLENTRY solubility estimation.
Combination Approaches: 3D Printing and AI Integration
In the time-scarce innovation era, a combination strategy approach, where different advanced technologies can work as a complement to each other, may be the smartest path. In particular, 3D printing and AI can be rendered complementary by integrating the ability to produce and predict solubility enhancement [164] [165]. The rapid determination of a library based on AI can optimize the use of 3D printing, which is of particular interest for the decreased build rate of 3D devices. Likewise, technologies that can be implemented for 3D printing prototypes for product/market prioritization or for the integration of continuous processes can accelerate the passage into production [166]. The combination of technologies delivers wider applicability. AI is univocal in its output, and this is appropriate for formulation in which a mono-component solubility increase is of interest. Importantly, AI can potentially offer rapid solubility predictions for drug candidates as they become available; therefore, it could offer a screening platform for compound prioritization and matching drugs to 3D printing technologies [167].
The alignment of technologies could result in various advantages. The complementary ratio enhancement that AI identifies is then 3D prototyped to confirm its performance; only the worthwhile prototypes are manufactured, hence improving formulation efficiency. The complementary ratio can be used for batch release or established on the printed devices and for the marker/screening customization of the printed dosage form; it can therefore be appropriated by manufacturers to make a strategic entry into the supply chain and offer customization for drug development [168][169]. Integration challenges are typically independent of the technology; however, future case studies into successful technology convergence practices are likely to provide great insights into what all players can achieve. Undoubtedly, a future perspective that focuses on future research using a case study exemplar of AI to 3D printing process operation/control uniting both technologies is perceived as an important part of the pharmaceutical development process as well as a valuable way to guide future interdisciplinary research [170].
Regulatory considerations for novel approaches
As the therapeutic index is a big concern for the Biopharmaceutical Classification System (BCS) Class II and IV drugs, regulatory considerations are the limiting steps in the development of novel in vitro or in vivo studies or formulations to demonstrate bioavailability. Different approaches are mostly focused on improving solubility, called solubility enhancement techniques [171][172]. Solubility is classically increased by diluting the solute in solvents such as co-solvents, surfactants, complexing agents, solubilizers, and polymers. The regulatory authorities are typically interested in endorsing that an effective dose is confined to an accepted amount following a certain route of administration of the suggested molecule. The significance of bioavailability enhancement has gained momentum to confirm the most cost-effective solutions in pharmaceutical R&D [173]. The bioavailability enhancement is important for selecting the route of administration and for good design choices, technology transfer, and scale-up for the commercial products. Therefore, it is suggested that the classes of features should be measured and controlled effectively. Patents are applied for these innovative novel drug delivery systems, and patented drugs are open for generic development post patent expiry [174]. 
The point to note is that dose measurement may be considered to assure if pure solubility improvement is the only objective of delivering a formulation in vitro or in vivo correlation success. Technical expertise and judgment might be the main factors in the specific solution of bioequivalence [175]. The dogma is that highly soluble compounds have high permeability, whereas BCS Class II drugs often have high permeability contrasted with solubility and therefore behave as highly permeable compounds. The BCS Class II drugs are inadequately soluble compounds and bring the oral bioavailability of an increasing class of newly created medicinal products into jeopardy [176]. When narrowly focused yet scientifically rigorous waiver criteria are endorsed, bioequivalence studies can be waived. Permeable compounds with hypopermeability and no solubility dilemma can be used to design a waiver justification. Based on these assumptions, bioequivalence's role in the metabolism process is ideally elucidated. Bioequivalence provides a reliable tool to confirm that the correlation between an innovative or commercially accessible brand-name product and its generic counterpart is not altered [7] [24]. 
9. Conclusion
The emergence of newer methods for effective solubility and bioavailability enhancement has contributed significantly to the rapid development of the badly needed medications. Drugs classified under the Biopharmaceutics Classification System (BCS) Class II and BCS Class IV represent groups of drugs with poor solubility and/or poor bioavailability, and there has been considerable interest in enhancing the solubility, dissolving rate, and therefore bioavailability of this group of drugs. In principle, BCS Class II drugs have a better potential for enhancing bioavailability than BCS Class IV drugs, as the former are soluble at high pH values in the gastrointestinal fluids and their absorption is controlled by the dissolving rate in the gastrointestinal fluids. On the other hand, BCS Class IV drugs are absorbed from the gut by passive diffusion, and their bioavailability is controlled by the dissolving rate or solubility at the absorption site. (Pahlevi et al.2023)(Bhalani et al., 2022)(Truzzi et al.2021)(Wang et al.2021)(Chaturvedi & Mishra, 2020)(Li et al.2021)
Recently, some much-needed solubility enhancement techniques such as compound treatment of levitation and relaxation and electrostatic gas-liquid-solid enhancement have been proposed for extremely poor water-soluble drugs. There is an increasing demand from consumers and pharmaceutical companies for a "green chemistry" approach to drug discovery and development. Furthermore, for the novel candidate drugs that are at the early research stage, there are limited data available, and the main aim is to develop a protocol to appropriately identify and select the best techniques that can be used with unknown new chemical entities. Researchers could use a decision tree in a similar manner as small molecule chemists use reaction maps, where the map guides them according to compiler properties towards the most probable chemical reaction by elucidating the probable synthetic routes for the best reagents and reaction conditions. Computer-aided solubility and bioavailability enhancement tools can become a useful research platform for screening and selection of the best excipients and their combinations, and for the design of protocols. Such a platform would help to identify solubility issues more quickly, remove druggability information barriers, and lower the drawbacks associated with the late-stage failure of drug candidates.
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