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ABSTRACT 

By addressing the critical gaps in current practices, the objective of the review is to highlight emerging trends and provides insights into the 
optimization of drug solubility for improved pharmacological outcomes. The literature search was done and rlevent articles were collected from 
various database like Springer, Science Direct, Taylor and Francis, Wiley and pubmed. 

Poor solubility of active pharmaceutical ingredients (APIs) significantly hinders their bioavailability and therapeutic efficacy, presenting a critical 
challenge in drug formulation. This review provides a comprehensive exploration of traditional and advanced techniques for solubility 
enhancement. Established methods, including salt formation, particle size reduction, and pH adjustment, are compared with cutting-edge strategies 
such as nanotechnology, electrospun nanofibers, spray drying, and supercritical fluid technology. These innovative approaches leverage 
mechanisms like particle size reduction, amorphization, and nanostructure engineering to enhance dissolution rates, stability, and controlled 
release profiles. The article discusses the Biopharmaceutical Classification System (BCS) and its relevance in tailoring solubility enhancement 
strategies for poorly water-soluble compounds. 
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INTRODUCTION 

Solubility plays a critical role in the pharmacological efficacy of 
active pharmaceutical ingredients (APIs), as it directly impacts the 
absorption and bioavailability of drugs [1]. Pharmaceutical 
substances that are poorly soluble in water phase significant 
challenges, including inconsistent absorption and variable 
therapeutic outcomes, particularly when administered orally [2]. 
This issue is increasingly prevalent with the growing complexity of 
modern drug candidates, which often exhibit higher lipophilicity, 
larger molecular sizes, and reduced aqueous solubility. As a result, 
the development of poorly water-soluble drugs has become a major 
hurdle in pharmaceutical research and formulation [3]. It is 
estimated that approximately 40% of the top 200 oral medications 
marketed in the United States, 33% of drugs in the US 
pharmacopoeia, 75% of compounds in development, and 90% of 
newly discovered chemical entities suffer from poor water solubility 
[1]. This widespread issue not only leads to limited bioavailability 
but also necessitates higher drug doses to achieve therapeutic 
effects, thus increasing the risk of adverse side effects and 
decreasing patient compliance. The Biopharmaceutical Classification 
System (BCS) classifies drugs based on their solubility and 
permeability characteristics, and many poorly soluble drugs fall into 
BCS Classes II and IV, which further complicates their development 
and effective therapeutic application [3]. 

To address these challenges, a variety of solubility enhancement 
techniques have been developed. Traditional methods, such as salt 
formation, particle size reduction, and the use of surfactants, have 
been employed for decades with varying degrees of success. 
However, these techniques often fail to fully address the 
complexities of modern poorly soluble compounds. Recent 
innovations in pharmaceutical formulation have introduced more 
advanced strategies, including nanocrystals, amorphous solid 
dispersions, cyclodextrin complexes, and nanotechnology-based 
systems [4]. Other promising techniques such as electrospun 
nanofibers, spray drying, supercritical fluid technology, and self-
microemulsifying drug delivery systems (SMEDDS) provide new 

possibilities for improving solubility, dissolution, and bioavailability. 
These advanced methods not only enhance solubility but also offer 
controlled release, improved stability, and more predictable 
therapeutic outcomes [5]. This review explores the various solubility 
enhancement techniques, focusing on both traditional and 
innovative approaches. It provides a systematic classification of 
these methods, their respective advantages and limitations, and 
their applications in overcoming the solubility challenges 
encountered in pharmaceutical development. By examining these 
strategies, this review aims to provide a comprehensive 
understanding of solubility enhancement and its crucial role in 
improving drug formulation and therapeutic efficacy. 

Classification of solubility enhancement techniques 

The techniques for solubility improvement can be grouped into four 
main categories: chemical modifications, physical modifications, 
powder granulation methods, and miscellaneous approaches [6-9]. 

Physical methods 

Particle size reduction is a foundational strategy for enhancing the 
solubility of poorly water-soluble drugs. By decreasing the size of 
drug particles, the surface area increases significantly, promoting 
faster dissolution rates [10]. While modern advancements have 
introduced nanotechnology-based methods, conventional 
mechanical size reduction techniques remain widely used due to 
their simplicity and effectiveness. Below is an exploration of these 
conventional methods:  

Mechanical micronization 

Micronization involves reducing drug particles to sizes in the range 
of 2–5 µm, which enhances dissolution by increasing the surface 
area-to-volume ratio [11]. Common techniques include:  

Jet milling 

It is a widely used technique for reducing particle size to enhance 
drug solubility and dissolution. It uses high-velocity air streams to 
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accelerate drug particles, causing collisions that lead to size 
reduction through impact and attrition. This process typically 
reduces particle sizes from 20–100 µm to less than 10 µm, making it 
suitable for heat-sensitive drugs and materials prone to melting 
[12]. The integration of classifiers ensures precise particle size 
control, while longer milling durations yield finer particles. Fluid 
energy milling has been effectively applied to improve the 
dissolution rates of drugs like ibuprofen [13], salbutamol sulfate 
[14], and fenoterolhydrobromide [15]. Co-milling with hydrophilic 
excipients has shown further improvements in dissolution, as seen 
with fenofibrate and EMD (Include full form) 57033 [16]. The 
technique also supports surface modifications, such as coating 
milled particles with nanosilica to enhance flow properties and 
reduce agglomeration. Although newer methods, such as wet milling, 
produce finer particles at the nanoscale, fluid energy milling remains 
a benchmark for evaluating and developing advanced milling 
strategies [17]. Studies demonstrate that controlling the crystal size 
and morphology of starting materials can significantly influence 
milling outcomes, making fluid energy milling comparable to wet 
milling for specific applications [18]. Additionally, it serves as a 
preparatory step for nanoparticle production by integrating with 
processes like high-pressure homogenization. 

Ball milling 

Employs grinding media such as ceramic or steel balls to break 
down particles. This method is also capable of producing amorphous 
forms of drugs when combined with polymers, which can further 
enhance solubility. Research on drugs like danazol has 
demonstrated increased bioavailability using ball milling [19]. Solid 
dispersions of etodolac (ETD) prepared using ball milling 
demonstrated significantly enhanced solubility and faster 
dissolution compared to the unprocessed drug. Amorphous carriers 
(e. g., HPMC, PVP) outperformed crystalline carriers (e. g., urea, 
mannitol) in improving these properties [20]. 

High-pressure homogenization (HPH) 

HPH is a top-down approach that reduces particle sizes to the 
nanoscale by forcing a drug suspension through a high-pressure 
valve. The sudden pressure drop induces cavitation, turbulence, and 
collision, effectively breaking down particles. This method is widely 
used for both oral and parenteral formulations. Examples include 
improved dissolution of prednisolone and carbamazepine using HPH
. Recently published data demonstrated that combining antisolvent 
crystallization with high-pressure homogenization significantly 
improves the solubility and dissolution of curcumin, with PVP-K30 
as an effective stabilizer, enhancing solubility up to 25-fold by 
reducing particle size and promoting amorphous formation. Another 
advantages of HPH include its ability to maintain drug stability 
without introducing contaminants, making it suitable for sterile 
formulations [21]. 

Cryogenic grinding 

Cryogenic grinding involves freezing drugs with cryogens like liquid 
nitrogen before mechanical grinding. This prevents heat-induced 
degradation and achieves finer particles. It is particularly beneficial 
for thermosensitive drugs, enabling solubility enhancement without 
altering chemical properties. Recent research highlights the 
successful application of cryogenic grinding to convert crystalline 
drugs into their amorphous forms, enhancing dissolution rates and 
stability [22]. For instance, amorphization was observed in various 
polymorphs of indomethacin, including γ-indomethacin, where 
cryomilling improved dissolution rates. Studies also examined the 
physical stability of cryomilled amorphous indomethacin, tracking 
its re-crystallization during storage [23]. Similarly, cryogenic 
grinding effectively transformed crystalline glibenclamide into its 
amorphous form without inducing chemical degradation, a process 
linked to its amide-imidic acid tautomerism [24]. 

Crystal engineering 

It focuses on manipulating the crystalline structure of drug particles 
to improve solubility, dissolution rate, and bioavailability. It involves 
altering the solid-state properties of drugs through techniques such 
as polymorphism, co-crystallization, and amorphization [25]. 

 Polymorphism: Polymorphs are different crystalline forms of the 
same drug molecule. Metastable polymorphs typically have lower 
lattice energy, leading to better solubility compared to stable forms. 

 Co-crystallization: This involves forming a crystalline complex 
between the active pharmaceutical ingredient (API) and a co-former, 
which can enhance solubility and stability without altering the 
drug's chemical structure. Drug–drug cocrystallization of carvedilol 
with hydrochlorothiazide improved solubility by 7.3 times and 
dissolution by 2.7 times, with stability over 90 days, offering a 
promising approach to enhance bioavailability [26]. 

 Amorphization: Amorphization is an effective strategy to 
enhance the solubility and dissolution rate of poorly water-soluble 
drugs by disrupting their crystalline structure. For instance, 
cryomilling γ-indomethacin transforms it into an amorphous form, 
resulting in a significant increase in solubility and dissolution, which 
improves with milling duration [27, 28]. Crystal engineering 
technologies, including nanocrystals and engineered co-crystals, are 
valuable for optimizing drug solubility while maintaining stability. 
These approaches are highly versatile and can be tailored to address 
specific formulation challenges. 

Chemical methods 

Chemical methods such as salt formation, co-crystallization, pH 
adjustment, and complexation with agents like cyclodextrins play a 
significant role in modifying the physicochemical properties of drugs 
[29]. 

pH modification 

An effective method to enhance the solubility of pH-dependent, 
poorly soluble drugs is through pH adjustment. This involves 
incorporating pH-modifying agents into formulations or tablets to 
create a microenvironment with an optimal pH, thereby improving 
drug solubility and release [30]. For instance, weakly basic drugs 
with low solubility can benefit from the use of acidifiers, while 
weakly acidic drugs can be solubilized using alkaline agents. 
However, this approach has limitations, particularly when high drug 
load formulations require significant quantities of pH modifiers [31]. 
This can compromise stability, especially if hygroscopic agents like 
sodium hydroxide are used. Thus, the choice of pH modifier is 
critical to achieving a balance between enhanced solubility and 
maintaining formulation stability. In recently published work, 
alkaline agents such as meglumine, sodium carbonate, and Neusilin 
S2 were selected to evaluate their ability to create a favorable 
microenvironmental pH and enhance drug solubility and dissolution 
rates [32]. The study examined how pH modifiers enhance the 
solubility, dissolution, and stability of telmisartan (TEL) solid 
dispersions made via hot-melt extrusion. Meglumine (MEG) and 
sodium carbonate (SC) improved solubility by 9-fold (1.15 mg/ml) 
and 7-fold (0.96 mg/ml), respectively. Another study demonstrated 
that combining posaconazole (POS) with citric acid (CA) enhances 
solubility and dissolution by promoting amorphization and creating 
an acidic environment [33]. The POS-CA system showed superior 
performance in solubility, dissolution, and stability compared to the 
POS-VA64 formulation. This highlights the effectiveness of pH 
modification for improving drug properties. 

Salt formation 

The solubility of salts is governed by the pH–solubility profile [34], 
where basic drugs form salts below their pHmax, and acidic drugs 
above their pHmax. For example, the solubility of a basic drug salt can 
be expressed as 

 

Where Ka is the acid dissociation constant, [BH+]s is the saturation 
concentration of salt. 

Key factors influencing solubility include pKa, solubility product 
(Ksp), and counterion choice, as stronger acids (e.g., HCl or 
methanesulfonic acid) tend to produce salts with higher solubility 
[35]. However, challenges such as the common-ion effect—where 
excess counterions reduce solubility—and salt conversion to free 
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acid or base forms under gastrointestinal pH conditions can impact 
dissolution and bioavailability. Non-HCl salts like mesylates are 
increasingly favored for overcoming common-ion effects[36]. 
Effective salt screening based on pH–pH-solubility principles 
minimizes trial-and-error experimentation, ensuring the selection of 
optimal salts for both liquid and solid dosage forms, thereby 
maximizing solubility, dissolution rate, and therapeutic efficacy.  

Recently published work explores how salt formation can improve 
the solubility and dissolution properties of poorly soluble drugs, 
using benexate salts with artificial sweeteners such as saccharinate 
and cyclamate [37]. These salts showed significant enhancements in 
solubility (up to fivefold) and faster dissolution rates compared to 
the original drug.  

Complexation 

It involves the formation of stable complexes between a drug 
molecule (substrate) and a ligand, which can occur through various 
interactions such as hydrogen bonding, hydrophobic forces, van der 
Waals interactions, and electrostatic interactions [38]. Cyclodextrins 
(CDs) are among the most widely used complexing agents due to 
their ability to encapsulate hydrophobic drug molecules within their 
hydrophobic core while exposing hydrophilic surfaces to the 
aqueous environment [39]. This structural property significantly 
improves the solubility of hydrophobic drugs. For instance, β-CD 
complexes of norfloxacin [40] and curcumin have demonstrated 
remarkable solubility enhancements [41]. The conversion of 
crystalline drugs into amorphous forms during complexation is 
another critical factor that enhances dissolution rates. Additionally, 
techniques such as kneading, coprecipitation, solvent evaporation, 
and freeze-drying are commonly employed to prepare drug 
complexes, ensuring uniformity and efficiency in drug formulation 
[42]. Curcumin-CD complexes have shown a 20-fold increase in 
solubility and a six-fold improvement in bioavailability [41], making 
them more effective for oral administration and anticancer 
therapies. Similarly, inclusion complexes of taxifolin-γ-CD and 
ibuprofen-CD not only improved solubility but also exhibited faster 
drug release profiles due to reduced particle sizes and enhanced 
hydrophilicity [43]. Moreover, another study focused on improving 
the solubility of mefenamic acid (MA), a poorly water-soluble drug, 
by forming inclusion complexes with β-cyclodextrin (β-CD). The 2:1 

MA: β-CD complex showed significantly enhanced solubility, with 
the solvent co-evaporation (CE) method providing the best 
dissolution improvement [44].  

Miscellaneous methods 

Supercritical fluid technology, micellar solubilization, and 
hydrotropy are innovative strategies for improving the solubility of 
poorly water-soluble drugs, a common challenge in pharmaceutical 
development. Supercritical fluids, such as carbon dioxide, operate at 
conditions above their critical temperature and pressure, offering 
unique properties that allow for the dissolution and precise 
recrystallization of drug particles into nanometer or submicron 
sizes, which enhances their solubility and bioavailability [45-47].  

Supercritical fluid technology 

Supercritical fluid (SCF) technology is an advanced and 
environmentally sustainable approach to enhancing the solubility of 
poorly water-soluble drugs, a critical challenge in pharmaceutical 
formulation. SCFs, particularly supercritical carbon dioxide (SC-
CO2), operate at conditions above their critical temperature and 
pressure, giving them properties that are intermediate between 
those of liquids and gases [48, 49]. SCF technology, particularly the 
Supercritical Anti-Solvent (SAS) process, significantly enhances the 
solubility of poorly water-soluble drugs like betamethasone by 
reducing particle size and converting drugs to an amorphous state. 
This results in a 2.8–3.5fold increase in solubility and rapid drug 
release within 60 min. SCF methods maintain drug integrity, 
improve biocompatibility, and offer a scalable, eco-friendly solution 
for advanced drug delivery systems [50, 51]. Additionally, SCF-based 
methods often result in the amorphous form of the drug, which 
dissolves more rapidly than its crystalline counterpart due to its 
higher energy state and greater solubility [52]. Moreover, SCF 
technology is instrumental in enhancing the performance of drug-
polymer systems. SCFs can penetrate polymer matrices and facilitate 
uniform drug dispersion, improving the carrier's encapsulation 
efficiency. This, coupled with the reduced particle size, enhances the 
drug's wettability and dissolution characteristics [53]. For example, 
drugs such as curcumin and 5-fluorouracil have shown significant 
solubility and bioavailability improvement when processed using 
SCF techniques [45].  

  

 

Fig. 1: (a) High-resolution TEM images illustrating the particle size morphology of LSF−LA PLM; (b) Particle size distribution and zeta 
potential analysis of LSF−LA PLM; (c) Histological and immunohistochemical analysis of pancreatic sections after 21 d of treatment: H and 

E staining and expression of CD4+and CD8+T-cells [56] 
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Micellar solubilization 

Micellar solubilization, also known as solubilization by surfactants, 
involves the use of amphiphilic molecules containing both polar and 
non-polar regions to enhance the solubility of poorly water-soluble 
drugs. Studies demonstrated significant solubility enhancement for 
various poorly soluble drugs, including several BCS class II antidiabetic 
drugs like glyburide, glimepiride, and pioglitazone [54]. This approach 
has been widely reviewed and validated for its efficiency in improving 
drug solubility and bioavailability. Moreover, recently published study 
improved the solubility and stability of caffeic acid (CA), a hydrophobic 
polyphenol, by incorporating it into micelles [55]. The micelles, sized 
11.70–17.70 nm, enhanced solubility primarily through micellar 
solubilization, where hydrophobic CA molecules were encapsulated in 
the micelle's hydrophobic core, shielding them from the aqueous 
environment. The recent study developed a polymeric micellar 
formulation to improve the oral delivery of Lisofylline (LSF), an anti-
inflammatory drug with potential for type 1 diabetes (T1D) treatment 
[56]. Encapsulation of LSF’s linoleic acid prodrug in biodegradable 
micelles (~149.3 nm) (fig. 1). Histopathological analysis showed 
preserved pancreatic β-cells and reduced immune cell infiltration 
(CD4+and CD8+T-cells) (fig. 2c).  

Hydrotropy 

Hydrotropy as a sustainable and eco-friendly method for enhancing 
the solubility of poorly water-soluble pharmaceutical active 
ingredients (PAIs). Hydrotropes, which are amphiphilic molecules, 
enhance solubility through weak interactions like hydrogen bonding 
and π–π stacking without forming micelles, distinguishing them 
from surfactants. 

Hydrotropy supports sustainability goals by minimizing hazardous 
waste, energy consumption, and environmental impact, making it a 
promising approach for pharmaceutical and analytical applications. 
Seishi Shimizu and Nobuyuki Matubayasi developed a theoretical 
model grounded in statistical thermodynamics to explain the 
cooperative behavior observed in hydrotropic solubilization [57]. 
They demonstrated that solubility exhibits a sigmoidal pattern, 
characterized by a sharp increase after reaching the minimum 
hydrotrope concentration (MHC) and eventually stabilizing at higher 
concentrations. Among the studied hydrotropes, GVL was 
particularly effective in high-concentration regions, demonstrating a 
balanced interaction between solute-hydrotrope and hydrotrope-
hydrotrope systems [58]. These findings underline the potential of 
biobased hydrotropes as sustainable, eco-friendly alternatives for 
enhancing the solubility of hydrophobic compounds in water, 
offering practical applications in pharmaceuticals and other 
industries. Another study explores the use of amino acids as 
hydrotropes to enhance the solubility of poorly soluble drugs, 
carbamazepine (CBZ) and indomethacin (IND). Neutral hydrophobic 
amino acids improved IND solubility through non-ionic interactions, 
while both neutral and charged amino acids enhanced CBZ solubility 
via hydrophobic interactions and hydrogen bonding. A combination 
of multiple amino acids led to up to a 7-fold increase in IND 
solubility. The findings highlight the potential of amino acids to 
improve the aqueous solubility of poorly soluble drugs, which is 
important for pharmaceutical development. 

Innovative solubility enhancement techniques 

Innovative solubility techniques are summarized below 

Nanotechnology approaches 

Polymeric nanoparticles 

Enhancing the solubility of poorly water-soluble drugs is crucial for 
improving their bioavailability, as over 40% of new drug candidates 
face this limitation. For polymeric drug delivery systems, 
hydrophilic polymers, monomers, and co-polymers present the most 
promising solutions [59]. These hydrophilic materials, such as β-
cyclodextrins (β-CD), chitosan, chondroitin sulfate, polyethylene 
glycols (PEGs), poloxamer, sodium alginate, 2-hydroxyethyl starch, 
and polyvinyl pyrrolidone (PVP), can achieve up to 90% hydration, 
significantly outperforming hydrophobic polymers, which offer only 
5–10% hydration [6]. The study explores polymeric nanoparticles 
prepared via sonoprecipitation to address solubility challenges, 

using curcumin (CUR) as a model drug [60]. Sonoprecipitation 
combines ultrasonic energy with precipitation to reduce particle size 
and modify molecular interactions, thereby improving dissolution 
rates. Smaller nanoparticles, achieved using hydrophilic 
hydroxypropyl methylcellulose (HPMC), significantly enhance 
solubility [61]. Moreover, the method converts crystalline CUR to an 
amorphous state, promoting higher dissolution rates. Intermolecular 
hydrogen bonding between CUR and HPMC 6 stabilizes the 
amorphous phase and facilitates drug release. Optimizing 
ultrasonication conditions, such as duration and power, and the 
drug-to-polymer ratio, was critical for achieving desirable outcomes. 
Longer ultrasonication times and higher power produced finer 
particles and stronger drug-polymer interactions. Increasing the 
polymer content further reduced particle size and improved steric 
stabilization, enhancing the dissolution profile [62]. The superior 
hydration properties of hydrophilic polymers like HPMC contributed 
significantly to these results. Overall, the study highlights polymeric 
nanoparticles and the sonoprecipitation method as effective 
strategies for enhancing solubility and bioavailability, providing a 
scalable and cost-effective solution for poorly water-soluble drugs. 
Similarly, in another work demonstrated that Cellulose acetate-
based polymeric nanoparticles significantly enhanced the solubility 
and dissolution of poorly soluble antiviral drugs ritonavir and 
efavirenz. Produced via rapid precipitation, these 150–200 nm 
nanoparticles achieved 88–96% drug loading efficiency and 
stabilized the drugs in an amorphous state, as confirmed by XRD and 
DSC. Dissolution studies showed a 10–20-fold increase in solubility, 
with CMCABdelivering the highest release (up to 40%). The 
combined effects of particle size reduction and recrystallization 
inhibition by the polymers underscore their potential for improving 
drug bioavailability [63]. 

Solid lipid nanoparticles (SLNs) 

Composed of biocompatible and physiological lipids stabilized by 
surfactants, SLNs improve drug solubility by encapsulating 
hydrophobic drugs in their lipid matrix. Solid lipid nanoparticles 
(SLNs) play a significant role in enhancing the solubility and 
bioavailability of poorly water-soluble drugs [64]. These lipid-based 
carriers improve drug absorption by facilitating transport through 
specialized pathways in the gastrointestinal tract. SLNs are absorbed 
via mechanisms like transcellular and paracellular pathways, with 
transcellular uptake involving energy-dependent endocytosis 
processes such as clathrin-mediated, caveolin-mediated, and 
macropinocytosis [65]. In addition, SLNs can target M cells in Peyer’s 
patches for efficient transcytosis, bypassing enzymatic degradation 
in the gut. Once absorbed, lipid-based SLNs can promote the 
formation of chylomicrons by enterocytes, facilitating lymphatic 
transport and avoiding hepatic first-pass metabolism [66]. Similarly, 
Nimodipine (NMD), an antihypertensive drug with low oral 
bioavailability, was encapsulated in solid lipid nanoparticles (NMD-
SLNs) to enhance absorption and target the intestinal lymphatic 
system [67]. The nanoparticles were formulated using palmitic acid, 
poloxamer 188, and soya lecithin. Optimized NMD-SLNs exhibited a 
particle size of 116 nm, high drug entrapment (93.66%), and 
sustained release (87.52% in 10 h). In vivo studies in rats showed a 
2.08-fold increase in bioavailability compared to NMD solution. 
Stability tests revealed no significant changes after 3 mo, indicating 
the potential of NMD-SLNs for improved oral delivery. Similarly, in 
another research, Nitrendipine, an antihypertensive drug with poor 
oral bioavailability (10-20%) due to first-pass metabolism, was 
formulated into solid lipid nanoparticles (SLNs) to enhance 
absorption [68]. Using tripalmitin, glyceryl monostearate, and cetyl 
palmitate as lipids and poloxamer 188 as a surfactant, SLNs were 
prepared via hot homogenization and ultrasonication. The 
nanoparticles were characterized for particle size, zeta potential, 
and entrapment efficiency, with in vitro release studies conducted in 
phosphate buffer (pH 6.8). Pharmacokinetic studies in Wistar rats 
showed a 3 to 4 fold increase in bioavailability compared to a 
nitrendipine suspension, highlighting SLNs' potential to enhance 
bioavailability by reducing first-pass metabolism. 

Nanoemulsions 

Nanoemulsions are specialized colloidal systems designed to 
improve the solubility and bioavailability of drugs with poor water 
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solubility. Comprising nanosized droplets stabilized by surfactants 
and co-surfactants, they offer enhanced surface area for drug 
dissolution, thereby facilitating better absorption [69]. Preparation 
methods such as ultrasonication and high-pressure homogenization 
create uniform and stable droplets, while low-energy approaches 
provide simpler alternatives. These systems are especially beneficial 
for delivering hydrophobic drugs, as they protect the active 
ingredients from enzymatic breakdown and improve systemic 
uptake [70]. Research on nanoemulsions, such as those developed 
for artemether, highlights their ability to significantly enhance drug 
release and bioavailability compared to traditional formulations 
[71]. However, nanoemulsions must address challenges like 
thermodynamic instability, which can cause droplet coalescence or 
phase separation. Stability can be improved by using high-viscosity 
oils or polymers, such as poly(δ-decalactone), which minimize issues 
like Ostwald ripening and oxidation [72]. Their versatility makes 
nanoemulsions suitable for various delivery methods, including oral 
[73], parenteral [74], and ophthalmic applications [75]. These 
formulations enhance drug solubility and absorption, provide 
controlled release, and improve therapeutic efficacy, making them a 
promising advancement in pharmaceutical technology. 
Nanoemulsions formulated with clove oil and isopropyl myristate as 
the oil phase, combined with Tween 80 and isopropyl alcohol as 
surfactant and co-surfactant, demonstrated promising properties for 
enhancing drug delivery [76]. Diflunisal and niflumic acid 
nanoemulsions exhibited hydrodynamic droplet sizes between 8 and 
22 nm with a polydispersity index below 0.5, indicating a uniform 
distribution. Although low zeta potentials suggested metastable 
formulations, accelerated stability tests confirmed their stability under 
various conditions. Another work demonstrated nanoemulsions (NE) 
for oral delivery of low molecular weight heparin (LMWH). Non-
digestible NE with polyglycerol-, PEGylated, or zwitterionic surfactants 
were tested, incorporating LMWH via hydrophobic ion pairing (HIP)  
[77]. The formulations showed droplet sizes below 150 nm, with 
polyglycerol-surfactant NE being less toxic and hemolytic than 
PEGylated or zwitterionic NE. Non-digestible NE provided greater 
stability and improved LMWH bioavailability up to 2.6% in vivo, 
demonstrating their superiority over biodegradable formulations for 
oral LMWH delivery. These nanoemulsions show potential for 
improving the bioavailability and therapeutic efficacy of poorly water-
soluble drugs across multiple administration routes, including oral, 
transdermal, and localized applications. 

Liposomes 

Liposomes are vesicles composed of self-assembling lipid bilayers 
made of phospholipids and cholesterol. They are classified into large 
unilamellar vesicles (LUV), small unilamellar vesicles (SUV), 
multilamellar vesicles (MLV), and multivesicular vesicles (MVV). 
LUV, SUV, and MLV can be used for various delivery routes, including 
oral, while MVV are suited for parenteral delivery. Liposomes can 
encapsulate hydrophilic drugs in their inner aqueous phase and 
hydrophobic drugs within their lipid bilayer, making them versatile 
drug delivery systems. Their biphasic nature and customizable 
structure provide significant potential for improving drug solubility 
and delivery [78]. Encapsulation efficiency for lipophilic drugs can 
reach up to 100% when optimized with lipophilic derivatives and 
appropriate bilayer composition [79]. However, drug incorporation 
is influenced not only by the physicochemical properties of the drug 
but also by the liposomal bilayer composition and the preparation 
method, making them a versatile tool for enhancing drug solubility 
and bioavailability. For poorly soluble drugs, liposomes are 
particularly beneficial as they enhance solubility, protect the drug 
from premature degradation, and improve systemic absorption [80]. 
The drug release mechanism from liposomes primarily depends on 
two pathways: diffusion through the aqueous phase and collisions 
between liposomes. In the diffusion process, drugs are released 
directly into the surrounding aqueous medium, migrating from 
donor to acceptor liposomes. This mechanism is influenced by 
factors such as the solubility of the drug, the stability of the 
liposome, and the chemical properties of the lipid bilayer. In 
contrast, in the collision-based transfer, physical interactions 
between liposomes facilitate the direct migration of drug molecules 
from one liposome to another. These processes often exhibit first-
order kinetics, characterized by exponential release behavior, 

particularly when liposome loading is low and drug interactions 
within the bilayer are minimal [81]. Research has shown that 
liposomes combined with excipients such as cyclodextrins and 
meglumine significantly increase drug encapsulation and solubility. 
For instance, sulfamerazine and indomethacin, poorly soluble drugs, 
showed enhanced incorporation efficiency and stability when 
included in liposomal formulations with β-cyclodextrins or 
hydroxypropyl-β-cyclodextrins. These systems improved drug 
solubilization up to 18-43 times compared to conventional 
liposomes, highlighting the effectiveness of these modifications in 
addressing solubility challenges. Moreover, the controlled release 
properties of liposomes make them effective in maintaining drug 
stability and prolonging therapeutic effects. The release mechanism 
is influenced by drug-lipid interactions, preparation methods, and 
the incorporation of excipients like polyethylene glycol (PEG), which 
can modulate release kinetics and improve circulation time. 
Advanced techniques such as thin-film hydration and dehydration-
rehydration have also enhanced encapsulation efficiency and 
delivery precision [82]. Berberine hydrochloride (BBR), a plant-
derived alkaloid, faces solubility issues due to its low water 
solubility, which limits its bioavailability and therapeutic 
effectiveness. To address this, liposomal delivery systems have been 
developed [83], but traditional liposomes suffer from poor stability 
and rapid clearance. This study presents Fiber Interlaced 
Liposomes™ (FIL), which use plant-based fibers to enhance liposome 
stability, solubility, and protect against degradation. The FIL-BBR 
formulation demonstrated sustained drug release and improved 
stability in simulated gastric and intestinal fluids. In vivo studies in 
rats showed a 3.37 fold increase in oral bioavailability, with higher 
AUC and Cmax compared to unformulated BBR. These results 
highlight the potential of FIL-based liposomes for improving BBR’s 
solubility, stability, and bioavailability. 

Electrospun technology 

Electrospun nanofibers have emerged as an innovative solution for 
enhancing the solubility and bioavailability of poorly water-soluble 
drugs [84]. Produced through electrospinning, these nanofibers offer 
a high surface area-to-volume ratio, porosity, and tunable 
composition, making them ideal for improving drug dissolution [85]. 
By dispersing drugs in an amorphous or nanocrystalline state within 
the polymer matrix, nanofibers eliminate the crystalline structure 
that limits solubility, leading to faster dissolution rates. 
Incorporating solubility-enhancing excipients like cyclodextrins or 
surfactants further boosts solubility by forming drug-inclusion 
complexes and stabilizing the amorphous form. Additionally, 
polymers such as polyvinylpyrrolidone (PVP) and polyethylene 
oxide (PEO) enhance dissolution and prevent recrystallization. The 
release profile can be tailored, enabling sustained or immediate drug 
release, with advanced designs like core-shell nanofibers offering 
controlled delivery [84]. This versatility and efficiency make 
electrospun nanofibers a promising platform for addressing 
solubility challenges and achieving improved therapeutic outcomes. 
Recently published work demonstrated preparation of optimized 
fast-dissolving delivery systems (FDDS) composed of nanofiber mats 
fabricated from PVP and containing PCPZ for oromucosal application 
[86]. The optimized formulation achieved 88.02% drug entrapment, 
rapid disintegration (<1 second), and drug release of 91.49% within 
2 min, outperforming commercial Stemetil MD® tablets. The 
nanofibers displayed high permeability across the oromucosal 
membrane (31.28 μg) and reduced crystallinity, enhancing solubility 
and bioavailability. With suitable physio-mechanical properties, 
biocompatibility, and early onset of action, the nanofiber 
formulation presents a promising oromucosal delivery system for 
prochlorperazine. Similarly, to overcome the issue of Curcumin's 
hydrophobicity and poor stability, fast-dissolving drug delivery 
systems (FDDDS) were developed using curcumin-loaded 
JFP/Pullulan nanofibers via electrospinning [87]. Ultrasonication 
produced the most stable emulsion with uniform droplet size (365.8 
nm) and PDI of 0.174. The 95:5 formulation exhibited high 
encapsulation efficiency (83.98%) and a nanofiber diameter of 104.2 
nm. These nanofibers showed enhanced antioxidant activity, rapid 
disintegration in artificial saliva, and improved curcumin solubility 
and stability, offering a promising drug delivery platform. Similar to 
curcumin, Diosmetin (DT), known for its anticancer, antibacterial, 
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antioxidant, and anti-inflammatory properties, faces challenges in 
therapeutic use due to its poor water solubility [88]. To address this, 
carboxymethyl cellulose/polyvinyl alcohol (CMC/PVA) nanofibers 
loaded with DT were fabricated via electrospinning. The resulting 
nanofibers (P11C2DT) exhibited a uniform size of 151 nm, smooth 
morphology, and 82.8% drug loading efficiency. Characterization 
through SEM, FT-IR, XRD, TGA, and DSCconfirmed the nanofibers' 
structural and thermal properties. Notably, the nanofibrous 
membrane dissolved 85% of DT in the release medium within 5 h, a 
significant improvement compared to the undissolved powdered DT, 
highlighting its potential to enhance DT's solubility and therapeutic 

applicability. Another study explored the use of electrospun 
nanofibers made from polyvinyl pyrrolidone (PVP) to enhance the 
dissolution rate of piroxicam, a poorly water-soluble drug [89]. 
Piroxicam was incorporated into PVP nanofibers at a 1:4 drug-to-
polymer ratio, resulting in fibers with a uniform size (600 nm) (fig. 
2). Dissolution tests showed that the nanofibers released 91.32% of 
the drug in 30 min, significantly higher than the 63.35% released by 
the pure drug. This improvement is due to the increased surface 
area and the amorphous nature of the drug in the nanofiber matrix, 
highlighting electrospun nanofibers as an effective method for 
enhancing drug solubility and bioavailability. 

 

 

Fig. 2: SEM images of drug-loaded nanofibers: (a, b) Nanofibers without drug loading; (c) PVP nanofibers; (d, e, f) PVP nanofibers loaded 
with piroxicam at increasing magnifications 

 

Spherical crystallization/spherical agglomeration 

Spherical crystallization has gained significant attention in the 
pharmaceutical, chemical, and food industries due to its benefits in 
enhancing the properties of powders. This technique combines 
crystallization, grinding, and granulation, simplifying the drug 
formulation process, reducing production time, and lowering costs 
[90]. Spherical drug particles offer advantages such as improved 
compressibility, anti-caking properties, mechanical strength, and 
enhanced dissolution rates. Additionally, spherical agglomerates of 
multi-component drugs contribute to better morphology and 
uniform distribution, improving patient compliance and 
bioavailability. Among the various spherical crystallization methods, 
spherical agglomeration (SA) and crystal co-agglomeration (CCA) 
are the most widely used. SA, which relies on a mixed solvent 
system, involves crystallization, phase separation, wetting, and 
agglomeration steps, influenced by factors like solvent system, 
temperature, and agitation [91]. Compared to traditional granulation 
methods, SA and CCA offer simpler, more cost-effective processes for 
improving the solubility, flowability, and compressibility of poorly 
soluble drugs. Recently published study investigates the use of 
spherical crystallization to enhance the solubility, micromeritics, and 
compactability of oxcarbazepine (OXZ), an anticonvulsant drug [92]. 
Spherical agglomerates were prepared using different polymers 
(PEG 6000 and PVP K30) and various process parameters, utilizing 
water, dichloromethane, and chloroform as solvents. The 
agglomerates showed significant improvements in solubility, 
dissolution rate, and micromeritics compared to pure OXZ. 
Characterization through techniques like FTIR, DSC, SEM, and XRPD 
revealed that the agglomerates were more amorphous, with reduced 
crystallinity, leading to enhanced bioavailability. The results suggest 
that spherical agglomeration can serve as an effective alternative to 
traditional granulation for preparing BCS class II drugs with 
improved physicochemical and bio-pharmaceutical properties [92]. 
Another research demonstrated development of polymeric spherical 
agglomerates of Bosentan monohydrate using the crystallo-co-
agglomeration (CCA) technique, enhancing solubility, micrometric 
properties, and dissolution rate [93]. Optimization via Box–Behnken 

design identified talc and PEG6000 concentrations, along with 
rotation speed, as critical factors. Characterization confirmed 
improved sphericity, flowability, and conversion from crystalline to 
amorphous form, with no drug-excipient interactions. Fast 
dispersible tablets (FDTs) formulated from the agglomerates 
showed significantly enhanced drug release (94.14% in 20 min) and 
maintained stability over three months. This approach demonstrates 
potential for improving the performance of poorly soluble drugs. 

Liquisolid technique 

Liquisolid technology has emerged as a promising approach to 
improve the solubility, dissolution, and bioavailability of poorly 
water-soluble drugs, particularly those in BCS Classes II and IV. This 
technique converts liquid medications, such as drug solutions or 
suspensions, into free-flowing and compressible powders [94]. It 
utilizes non-volatile liquid vehicles like polyethylene glycol (PEG) 
and propylene glycol to dissolve or disperse the drug, which is then 
adsorbed onto porous carriers such as microcrystalline cellulose 
(MCC) or starch and coated with materials like silica to enhance 
flowability. The molecular dispersion of drugs within this system 
significantly increases surface area, wettability, and dissolution rate, 
enabling rapid drug release in dissolution media [95]. Furthermore, 
the liquisolid technique can protect light-sensitive drugs, improve 
flow properties, and facilitate the development of both immediate-
and sustained-release formulations, offering a versatile solution for 
addressing solubility challenges. 

Recent research highlights the effectiveness of liquisolid technology 
in enhancing the performance of hydrophobic drugs. For instance, 
nimodipine, a poorly soluble antihypertensive drug, exhibited 
significantly improved dissolution and bioavailability when 
formulated into liquisolid compacts with non-volatile solvents and 
advanced coating agents like Neusilin [96]. Similarly, curcumin, a 
hydrophobic compound with poor bioavailability, demonstrated 
enhanced solubility and dissolution when processed using Tween 80 
and Aerosil 200 [97]. Characterization techniques such as FTIR and 
DSC confirmed the transformation of these drugs into amorphous 
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forms, contributing to their improved solubility. Additionally, the 
technique has shown potential in producing sustained-release 
formulations and protecting photosensitive drugs from degradation. 
These findings demonstrate the versatility and scalability of 
liquisolid technology as a cost-effective and efficient solution for 
overcoming the limitations of poorly soluble drugs. Another study 
formulated liquisolid tablets of Pioglitazone HCl to enhance its poor 
solubility, dissolution rate, and oral bioavailability [98]. Utilizing a 
liquid-solid technique with optimized carriers like MCC and coating 

materials like colloidal silicon dioxide, the tablets achieved 99.87% 
drug release within 60 min. Characterization methods, including 
FTIR, DSC, and XRD, confirmed improved solubility through the 
amorphization of the drug without chemical incompatibility. In vivo 
studies in rabbits demonstrated a 3.06 fold increase in AUC and a 
4.18-fold rise in Cmax compared to pure drug, confirming enhanced 
bioavailability (fig. 3). The approach proved stable under 
accelerated conditions and offers a cost-effective solution for similar 
poorly soluble drugs. 

 

 

Fig. 3: Plasma concentration profiles of the pure drug pioglitazone HCl and the optimized formulation LST10 (mean±SD, n = 3) [98] 

 

Lyophilization/Freeze-drying technique 

Freeze-drying, also known as lyophilization, is a technique that 
removes solvent from a frozen solution through sublimation. This 
process consists of three main phases: freezing, primary drying 
(sublimation), and secondary drying (desorption) [99]. While most 
commercial products use aqueous solutions for lyophilization, 
hydrophobic and poorly soluble drugs pose challenges for water-
based freeze-drying. Consequently, formulations using pure organic 
solvents or organic solvent-water mixtures have gained attention in 
recent years. Tert-butanol (TBA), a low-toxicity, FDAaccepted class 3 
solvent with a high vapor pressure and melting point (around 24 °C), 
is an excellent alternative as a freeze-drying medium [100]. The use 
of nonaqueous solvents offers several advantages, including 
enhanced drug solubility, faster sublimation rates, improved 
chemical stability of both the predried solution and the final product, 
and easier bulk solution preparation due to increased wettability 
and solubility of the drug. A group of researcher developed a 
lyophilized third-generation solid dispersion (SD) of Resveratrol 
(RES) using Eudragit E PO and Gelucire 44/14 to enhance solubility, 
dissolution, and bioavailability [101]. The SD transformed RES into 
an amorphous state, achieving an 8-12 fold solubility increase across 
various pH levels and a 3 fold boost in bioavailability compared to 
second-generation SDs. Improved intestinal permeability and 
reduced P-gp efflux further contributed to enhanced RES absorption, 
highlighting the potential of this approach for maximizing RES’s 
therapeutic benefits. Moreover, to enhance the physicochemical 
properties of vardenafil hydrochloride (VAR), its amorphous form 
and combinations with excipients such as hydroxypropyl 
methylcellulose (HPMC) and β-cyclodextrin (β-CD) were developed 
by Wiergowska et al. [102]. Another work aimed to enhance the 
physicochemical properties and oral bioavailability of quetiapine 
fumarate (QF) by developing freeze-dried solid dispersions with 
nicotinamide (NIC) as a highly soluble conformer [103].  

Spray drying 

Spray drying is a well-established technique widely employed to 
enhance the solubility and dissolution of drugs with poor water 

solubility, particularly those classified under BCS classes II and IV 
[104, 105]. Key process parameters, including solvent selection, 
feed rate, and inlet/outlet temperatures, are optimized to ensure 
uniform particle formation while preserving the integrity of the 
active pharmaceutical ingredient (API). The amorphous state 
achieved through spray drying significantly enhances the drug's 
dissolution and bioavailability by improving wettability and 
dissolution rates [28]. 

Spray-dried dispersions (SDDs) are a prominent application of spray 
drying technology, offering a practical solution to solubility 
challenges. By dispersing the drug at the molecular level within a 
polymer matrix, SDDs effectively prevent aggregation and 
crystallization, enabling controlled and consistent drug release 
[106]. The dissolution process typically follows either a polymer 
erosion mechanism, where hydrated polymers release the drug 
progressively, or a phase separation mechanism, forming 
nanoparticles that sustain supersaturation. Numerous case studies 
have demonstrated the efficacy of this technology [107]. For 
instance, famotidine formulated as an SDD with hydroxypropyl-β-
cyclodextrin and PVP K-30 achieved a 38-fold increase in 
solubility, with over 98% of the drug dissolving within 20 min 
[108]. Similarly, valsartan SDDs prepared with Eudragit and 
Pluronic F127 achieved complete dissolution in acidic media, far 
outperforming the less than 2% dissolution observed with the 
marketed product [109]. Moreover, Patel et al. [110] developed a 
gastro-retentive spray-dried dispersion (SDD) formulation of 
Posaconazole using Soluplus® and Gelucire 43/01. A 32 full 
factorial design optimized variables, resulting in an SDD with 85% 
floating efficiency, a 38% increase in solubility, and a 95% drug 
release in 0.1 N HCl. In vivo studies demonstrated 8-hour gastric 
retention in rabbits and a 1.5-fold increase in bioavailability in 
rats compared to the marketed Noxafil® formulation under both 
fasting and fed conditions. These results highlight the significant 
potential of SDDs for enhancing solubility, modified release, and 
bioavailability of poorly soluble drugs. The details summary of 
recently published work on solubility enhancement has been 
exemplified in table 1. 
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Table 1: Recent studied based on innovative technologies for solubility enhancement of poorly soluble drugs 

Therapeutic used Technique/
Approach 

Key materials/Excipients 
used 

Outcomes Ref 

Posaconazole Spray dried 
ASD 

Soluplus, Gelucire 43/01 Pharmacokinetic studies in rats demonstrated improved 
bioavailability under fasting and fed conditions compared to the 
marketed Noxafil formulation. 

[110] 

Resveratrol Lyophilized 
ASD 

Eudragit E PO, Gelucire 
44/14 

The third-generation SD demonstrated enhanced RES 
solubilization, achieving 8-, 12-, and 8-fold improvements 
compared to pure RES at pH levels 1.2, 4.5, and 6.8, respectively. 

[101] 

Ibrutinib Hot melt 
extrusion 
based ASD 

Eudragit® FS100, 
Poloxamer 407, TPGS, 
poly(2-ethyl-2-oxazoline) 

ASD of Ibrutinib (IBR) achieved>96% release at colonic pH in 6 h 
and enhanced anticancer activity against colon cancer cell lines. 
This strategy improves solubility and effectively targets colorectal 
cancer. 

[111] 

Curcumin Solvent 
evaporation 
based ASD 

Kollidon CLSF and 
surfactant (TPGS or HPMC) 

Solid dispersions of curcumin with TPGS improved solubility, 
stability, oral bioavailability, and gastric ulcer healing, offering an 
effective pharmaceutical strategy. 

[112] 

Rosuvastatincalcium Fusion 
method 
based ASD 

PEG 4000 or pluronic F-127 The developed orodispersible films of Rosuvastatin showed 
enhanced solubility, fast disintegration, and 99.06% drug release 
in 10 min. Pharmacokinetic studies in rabbits confirmed improved 
bioavailability compared to Crestor® tablets. 

[113] 

 

CONCLUSION 

The solubility and bioavailability of poorly water-soluble drugs 
remain pivotal challenges in pharmaceutical development. 
Traditional methods, while effective for certain compounds, often 
fall short when addressing the complexities of modern APIs. 
Advanced techniques such as nanotechnology, cryogenic grinding, 
spherical crystallization, and micellar solubilization offer 
transformative potential, enabling higher solubility, improved 
stability, and controlled release. These methods not only enhance 
the dissolution rates but also align with sustainability and scalability 
in drug production. The review underscores the need for an 
integrated approach, combining traditional and innovative strategies 
tailored to specific drug characteristics. Future research should 
focus on refining these technologies and exploring hybrid 
methodologies to bridge the gap between laboratory-scale 
innovation and industrial application. This synthesis of solubility 
enhancement techniques is poised to advance therapeutic efficacy 
and patient outcomes in pharmaceutical science. 
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