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ABSTRACT 

	Assessing dissolution is essential for many pharmaceuticals that lack suitable solution forms. Drug dissolution testing plays a central role in pharmaceutical development, quality control, and regulatory evaluation of oral dosage forms. This review provides a comprehensive overview of the theoretical foundations, mechanistic principles, and practical considerations governing drug dissolution in pharmaceutical formulations. Fundamental mathematical models describing dissolution kinetics are discussed, including the diffusion-layer–based Noyes–Whitney equation, the Hixson–Crowell cube-root law, Dankert’s surface-renewal model, and the Takeru Higuchi model for matrix-based systems. These models provide critical insights into diffusion-controlled, interfacial, and matrix-mediated drug-release mechanisms.
Key physicochemical factors influencing dissolution—such as solubility, particle size, salt formation, polymorphism, and solid-state characteristics—are examined alongside formulation variables, processing parameters, and dissolution test conditions, including agitation, temperature, medium composition, and surfactant effects. The review addresses both immediate-release and modified-release dosage forms, highlighting differences in release mechanisms and the specific challenges associated with poorly soluble compounds, particularly those classified under the Biopharmaceutics Classification System. 
Furthermore, the importance of establishing in vitro–in vivo correlation (IVIVC) is discussed. IVIVC models serve as predictive tools linking in vitro dissolution data to in vivo performance and support regulatory applications such as bioequivalence assessment, biowaivers, post-approval changes, and Quality by Design (QbD) strategies.
Overall, dissolution testing remains an indispensable tool in pharmaceutical sciences, bridging formulation development, mechanistic understanding, and regulatory decision-making to ensure the safety, efficacy, and quality of drug products.
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1. Introduction
Understanding the physicochemical properties of active pharmaceutical ingredients (APIs), excipients, and finished pharmaceutical products (FPPs) is crucial in pharmaceutical development to ensure quality control standards are met[1]. Ensuring the correct release of the active pharmaceutical ingredient is vital for quality control. Consequently, assessing dissolution—the in vitro release of the drug—has become a primary method for monitoring the quality of solid dosage forms. Currently, drug dissolution tests are critically important to both the pharmaceutical industry and regulatory agencies, as they are necessary to secure marketing approval for pharmaceutical products. These studies are especially important when dissolution limits the rate of drug absorption, particularly for hydrophobic drugs. 
Therefore, they offer a quick and affordable way to predict how a drug formulation will be absorbed in vivo. An additional important tool used in pre-formulation studies during pharmaceutical development is the Biopharmaceutical Classification System (BCS). This system categorizes drugs by their water solubility and ability to permeate biological membranes.[2]. Drug molecules categorized as Class II and IV frequently encounter difficulties in releasing their APIs, potentially reducing bioavailability. As a result, these molecules need comprehensive physicochemical characterization[3].
Using BCS alongside dissolution studies has shown advantages for the pharmaceutical industry and drug regulatory authorities worldwide. This scientific method helps evaluate bioavailability to confirm bioequivalence for solid oral immediate-release FPP. Consequently, there has been a notable reduction in the costs associated with developing and testing new drugs[4].
During the pre-formulation phase, performing dissolution tests on pure active pharmaceutical ingredients (APIs) is essential. This helps assess their physicochemical properties and supports the selection of the best solid forms for subsequent development stages. Variations in solid form properties, such as unanticipated polymorphs or changes in solid phases, can often cause inconsistencies in manufacturing between different process batches[5]. For drugs with limited solubility, minor changes in dissolution behaviour can result in reduced bioavailability, delays in drug approval processes, and may prompt regulatory agencies to withdraw products from the marke[6].
Dissolution tests are essential for improving therapeutic effectiveness and for stability assessments. They ensure consistency across different production batches and evaluate bioequivalence among batches from the same or different manufacturers. Consequently, dissolution testing is crucial for the successful formulation and development of oral medications.



1.1 Theory and Mechanism of Dissolution
Dissolution is an active process in which a solute disperses within a solvent, forming a chemically and physically uniform mixture called a solution at the molecular level. The interaction between the solid and liquid phases is essential for this process. When a pharmaceutical dosage form is administered, the rate at which the API is released becomes critical to ensure effective drug delivery[7]. In biological contexts, solid dosage forms dissolve before the drug is absorbed into the bloodstream. Figure 1 shows the dissolution process for a solid dosage form.[image: Dissolution testing theory : Dissolution Rate - Avivia]
Figure 1: Dissolution sequence for a solid dosage form
Dissolution typically occurs when a solid solute is introduced into a solvent. This process happens spontaneously only if the attractive forces between the solute and solvent are stronger than the cohesive forces that hold the solute in solid form and the solvent in liquid form[8].
Although solubility and dissolution are separate concepts, they are connected. Solubility is a specific thermodynamic property defined under consistent conditions such as temperature, pressure, solvent type, and pH. In contrast, dissolution is a kinetic process that describes how much of a drug changes from its solid form to a dissolved state within a solvent over a given period[9]. The dissolution process consists of several steps and exhibits various reactions at the solid-liquid interface. Two main models—the limited reaction model and the diffusion-limited model—help explain the mechanism of dissolution. In the reaction-limited model, dissolution occurs at the boundary between the undissolved solid and the surrounding liquid. Here, the rate of dissolution depends on the concentration of the undissolved solid, while chemical equilibrium sets the solubility(Cs)[10]. 
1.1.1 Danckwerts model 
This model describes the formation of macroscopic solvent clusters that adhere to the solid–liquid interface through diffusion. At this interface, these clusters can absorb solute molecules via diffusion, and once depleted, they are replenished by fresh solvent clusters [11]. The surface renewal process is closely associated with the rate of solute transfer, thereby influencing the overall dissolution rate. While the diffusion layer model remains the principal theoretical framework, it has undergone multiple modifications to account for observed deviations and complexities.
Recently, attention has shifted to an effective diffusion boundary layer, whose structure is mainly shaped by current hydrodynamic conditions.

 dQ/dt represents the dissolution rate, A is the surface area of the dissolving object, Cs is the saturation solubility, Cb is the bulk concentration at time t, J is the surface renewal rate, D is the diffusion coefficient, and V is the volume of the dissolution medium.
1.1.2 The Interfacial Barrier Model
Wagner (1961) presented the Limited Solvation Theory[12]. This theoretical framework views dissolution as a process dependent on the solvent's ability to solvate. It suggests a saturation point that limits how many solute molecules can be solvated at once, which is inherent to the solvation process and is mainly affected by solubility. In this model, interfacial transport is considered the key, rate-limiting step in drug dissolution, overtaking diffusion. The dissolution rate, driven by the interfacial reaction, can be described as follows.[12]:

Where dQ/dt is the dissolution rate, K is the effective interfacial transport constant, Cs is the saturation solubility, and Cb is the bulk concentration at time t.
1.1.3 Diffusion-Limited Model or The Noyes-Whitney equation.
This model offers a physical explanation for the dissolution process. A key factor is the diffusion of molecules through a thick liquid film, which creates a hydrodynamic boundary layer around the solid surface. In this model, the dissolution rate relies on the properties of the boundary layer in contact with the dissolving particle. The diffusion-limited model is based solely on experiments with rotating or stationary discs and flow-through cells, all of which provide controlled hydrodynamic conditions[13].
The diffusion layer model proposes that a thick liquid film, called 'h', forms on the particle surface. This layer acts as a stationary diffusion zone, with 'Cs' indicating the drug concentration. Beyond this layer lies the bulk medium, which has a concentration 'Ct'. According to diffusion theory, the dissolution process is driven by the concentration gradient. The Noyes-Whitney equation is often used to describe the dissolution rate in this context.

In the provided equation, dM/dtdM/dtdM/dt represents the rate of dissolution, i.e., the amount of drug dissolved per unit time, typically expressed in mg/min. DDD denotes the diffusion coefficient of the solute in the solution, measured in cm²/s, while AAA corresponds to the surface area of the exposed solid, in cm². The dissolution rate constant, kkk, is defined as the ratio of DDD to hhh (k=D/hk = D/hk=D/h), with units of cm/s, where hhh represents the thickness of the unstirred layer at the solid surface, in centimetres. CsC_sCs​ indicates the solubility of the drug at the particle surface (g/mL), and CtC_tCt​ denotes the drug concentration in the bulk solution at time ttt (g/mL) [14].
Understanding the dissolution rate constant 'k' enables simulation of drug dissolution rates under varying scenarios, such as drug amount, particle size, surface area, and dissolution conditions, including volume[15]. This key data, obtained from carefully controlled dissolution experiments, helps improve dissolution techniques and minimizes the need for extensive testing under diverse conditions.
For instance, consider a drug particle preparation weighing 600 mg with a surface area of 0.21 × 10⁴ cm². This sample was dissolved in 500 mL of water at room temperature. After 15 minutes, analysis revealed that 260 mg had dissolved. Given that the saturation solubility of the drug in water at room temperature is 2 mg/mL, we can determine 'k' using this approach:
According to the Noyes–Whitney equation,


Therefore, k equals 0.0129 cm/min. If the diffusion layer's thickness could be determined, calculating the drug's diffusion coefficient would be feasible. For example, with an estimated diffusion layer thickness of 6 × 10–3 cm, the diffusion coefficient 'D' can be computed as follows:


The diffusion coefficient (D) is 7.74 x 10⁻⁵ cm²/min. It is affected by several factors, including the Boltzmann constant, the medium's viscosity, temperature, and the solute's molecular radius. The Stokes-Einstein equation illustrates how these variables relate to the diffusion coefficient[16]:

Where k is the Boltzmann constant, η is the solvent viscosity, r is the radius of the solute, and T is the absolute temperature.
This equation calculates the diffusion coefficient D from the estimated solute molecular radius. The main physicochemical and physiological factors that significantly influence drug dissolution in the gastrointestinal tract (GIT), as outlined in Table 1 for the Noyes-Whitney model, are summarized below.
Table 1. Factors affecting drug dissolution in the gastrointestinal tract[17].
	Factors based on the Noyes-Whitney equation
	Physicochemical Parameter
	Physiological Parameter

	Diffusivity of the drug (D)
	Molecular weight
	The viscosity of luminal contents and the micelle size of amphiphiles.

	The surface area of the drug (A)
	Particle size, wettability
	Surfactants in gastric and intestinal liquids

	Solubility (Cs)
	Hydrophilicity and hydrophobicity, pKa, melting point, crystal structure, solubilization, and complexation.
	pH, buffer capacity, bile, food constituent

	Amount of drug already dissolved (Ct)
	Polymorphs
	Permeability across the gut wall, the influence of membrane transporters (e.g. P-gp)

	Boundary layer thickness (h)
	
	Motility patterns, flow rate, and GI fluid viscosity.

	The volume of dissolution media (Sink condition)
	
	Secretions, co-administered drinks, and the viscosity of GI fluids



In addition, formulation-dependent parameters also influence the dissolution of drug products[18], [19]. The ongoing absorption of a drug from the intestine through the intestinal wall generally keeps its concentration in the bulk solution very low relative to its in vivo saturation solubility[19]. 
To obtain dissolution results that accurately mimic physiological conditions, it is typically advised to conduct in vitro dissolution testing under 'sink conditions.' In this setup, the drug concentration in the surrounding medium is considered negligible (i.e., Ct = 0), with both D and h remaining steady (where h usually pertains to agitation hydrodynamics). Consequently, the dissolution rate is related to A and CS. 
Therefore, the Noyes-Whitney equation for dissolution under sink conditions can be expressed as; [20].



During drug dissolution in the intestinal wall, an equilibrium between drug concentrations on both sides is quickly established, particularly in the gastrointestinal (GI) tract, where absorption occurs almost immediately after dissolution[21]. Consequently, drug levels do not build up in vivo. This situation, which promotes efficient dissolution rates, is referred to as "sink conditions". In vitro systems should aim to replicate sink conditions by using large volumes of dissolution media, incorporating selective adsorbents to remove dissolved drugs, and employing water-miscible solvents to enhance drug solubility. Moreover, systems are being developed to continuously renew the dissolution medium with fresh solvent at a controlled rate, keeping solute concentrations below 10-15% of the maximum solubility [22].
Currently, in vitro dissolution testing is performed under ideal sink conditions, as specified in compendial standards like the USP. These conditions stipulate that the dissolution medium volume (V) should be at least three times the volume required to saturate the drug's dissolution (Vsat), i.e., V/Vsat ≥ 3. Under sink conditions, the dissolution rate can be increased by enlarging the surface area available for dissolution, such as by reducing particle size or by improving the drug's kinetic solubility in physiologically relevant environments[23]. 
This approach encompasses strategies such as increasing the drug’s equilibrium solubility (for example, through prodrug formation), enhancing apparent solubility by forming drug–carrier complexes (such as surfactant micelles), or generating supersaturated drug solutions (for instance, amorphous solid dispersions in water-soluble carriers). However, if the volume-to-saturation ratio (V/V_sat) is excessively high, the dissolution test may become insensitive to critical variations in the formulation or manufacturing process.

Regarding the Noyes–Whitney relationship, it is important to note that the surface area term in the equation remains consistent during the dissolution process. However, in the case of tablets, capsules, suspensions, and powders, the particle size gradually decreases as the drug dissolves, altering the effective surface area. Hixon and Crowell observed this phenomenon. Hixon and Crowell modified the Noyes–Whitney equation to account for changes in surface area. Hixon and Crowell introduced a more appropriate equation, commonly known as the cubic root law, for describing the dissolution of powders. In this equation, the surface area is expressed in terms of weight (w)[24].

W is the initial amount of drug in the pharmaceutical dosage form, Wt is the remaining drug in the dosage form at time t, and K is a constant, incorporating the surface–volume relation.
This expression applies to pharmaceutical dosage forms such as tablets, where dissolution occurs in planes parallel to the drug surface if the tablet dimensions decrease proportionally, so that the initial geometrical form remains constant at all times. Higuchi devised numerous theoretical models to investigate the release of water-soluble and poorly soluble drugs integrated into semi-solid or solid matrices[25]. Higuchi developed mathematical formulas for drug particles spread throughout a uniform matrix, which acts as the diffusion medium. To examine dissolution from a flat system containing a homogeneous matrix, the dissolution rate is represented as follows:

Q represents the amount of drug released over time t per unit area, C denotes the initial drug concentration, CS signifies the drug solubility in the matrix media, and D refers to the diffusion constant within the matrix substance.
Higuchi initially introduced this relationship to describe drug dissolution from ointment bases in suspension, but it is also applicable to various other pharmaceutical dosage forms that exhibit similar dissolution patterns. This model relies on the following assumptions[26]:
(i) The initial drug concentration in the matrix greatly exceeds its solubility; (ii) drug diffusion takes place solely in one dimension, with negligible edge effects; (iii) drug particles are much smaller than the system's thickness; (iv) the matrix does not swell or dissolve; (v) drug diffusivity stays constant during the process; and (vi) the release medium maintains perfect sink conditions.




2. Factors affecting dissolution
[bookmark: _GoBack]To evaluate the overall dissolution rate of drugs from solid dosage forms, it is essential to consider multiple physicochemical processes in addition to the intrinsic dissolution of the drug. Dissolution begins with the wetting of the solid and the penetration of the dissolution medium into the formulation. Subsequently, the material often disintegrates into granules or finer particles, although this disintegration step is not invariably required for drug dissolution [27].
The final step involves dissolving the drug substance in the dissolution medium. The main factors influencing the drug's dissolution rate—taking into account biopharmaceutical and physiological factors—can be grouped into five categories: the drug’s physicochemical properties, formulation-related factors, processing parameters, dissolution apparatus settings, and variables associated with the dissolution test protocols.
2.1 Physicochemical properties of the drug
As previously mentioned, the dissolution process is a key rate-limiting step in drug absorption. It mainly depends on the drug's solubility and surface area, with the drug's physicochemical properties significantly influencing it[28].
2.1.1 Solubility
The solubility of a drug plays a crucial role in controlling its release from the dosage form. Aqueous solubility significantly influences the dissolution rate. Typically, a minimum water solubility of 1% is required to prevent absorption that is limited by solubility[29]. The solubility of ionizable drugs, such as weak acids and bases, depends on the pH of their environment and the drug's pKa. As a result, it is important to evaluate the drug substance's aqueous solubility over the physiologically relevant pH range of 1.2–7.5 to understand how solubility may affect dissolution. 
Experimental data show a strong correlation between solubility and the intrinsic dissolution rate of a disk, although this relationship may not hold for very high or low doses. Solubility data may serve as an initial marker for spotting possible issues in oral absorption. For example, when the dose/solubility ratio of a drug representing the fluid volume necessary to dissolve a single dose surpasses about 1 litre, in vivo dissolution is often considered challenging[29].  
The associated poor dissolution rate presents a significant challenge for the systemic delivery of orally administered drugs with low aqueous solubility. Various physicochemical methods have been employed to enhance the solubility of these drugs. These strategies include the creation of prodrugs, the formation of salts, co-precipitation, solvent evaporation, and size reduction[30], [31].



2.1.2 Particle Size
The rate at which a drug dissolves is closely linked to its surface area. As particle size decreases, surface area increases, which can improve dissolution rates[32]. However, it is important to recognize that reducing the particle size of sparingly soluble drugs through micronization does not always improve their dissolution and bioavailability. In some cases, micronized hydrophobic powders may aggregate and float when introduced into a dissolution medium. 
Simply increasing the drug's surface area does not necessarily enhance its dissolution rate. Hydrophobic drugs such as aspirin and phenacetin often exhibit reduced dissolution due to air trapped on their surfaces, which reduces wettability. To improve this, the trapped air must be removed, or surfactants should be added. In vivo, these drugs tend to wet better, thanks to natural surfactants such as bile salts[33].
 Traditional approaches to reducing drug substance size primarily involve mechanical comminution, including crushing, grinding, and milling larger particles. These methods reduce particle size through mechanisms such as pressure, friction, attrition, impact, or shearing. Research indicates that such techniques can enhance the dissolution and bioavailability of poorly water-soluble drugs by decreasing their particle size and increasing their surface area[34].
2.2 Salt Effects
Salt formation is a widely employed technique to improve the solubility and dissolution rates of weak acidic and basic medications[35]. It has generally been believed that sodium salts dissolve more quickly than their insoluble acid counterparts, as seen with potassium and sodium salts of sulfa drugs, phenytoin, barbiturates, and penicillin[36], [37], [38]. Nevertheless, there are exceptions; for instance, phenobarbital's sodium salt dissolves more slowly than the weak acid itself[39]. A similar trend can be noted with weak base drugs, where strong acid salts like hydrochlorides and sulphates of weak bases such as epinephrine and tetracycline show differing dissolution rates[40].
Several factors influence how salt formation can enhance a drug's solubility formation. These factors include the thermodynamically favorable aqueous solvation of the cations or anions involved in forming the salt of the active moiety, differences in the energies of the salt crystal lattice, and the influence of the salt on the resulting pH. [41], [42]. Moreover, even if salt formation does not directly enhance the drug's solubility, it typically increases the dissolution rate by altering the pH of the thin diffusion layer surrounding the drug particles.



2.3 Solid Phase Characteristics
The properties of solid-phase drugs, such as amorphism, crystallinity, hydration state, and polymorphic structures, considerably affect their dissolution rates[43], [44]. Anhydrous forms dissolve faster than hydrated ones because of their higher thermodynamic activity. Amorphous drug forms generally have quicker dissolution rates compared to crystalline forms, and variations in lattice energies among different polymorphs can lead to differences in solubility. Sometimes, the solubility of various polymorphic forms of a drug can vary considerably[45]. For example, amorphous forms can show solubility several hundred times greater than their crystalline counterparts[46], [47], [48]. These solubility differences can influence the in vivo dissolution of drug products, thereby affecting the absorption of oral medications.
2.4 Drug Product Formulation Factors
The mix of various excipients can greatly influence the dissolution rate of a pure drug during manufacturing[49], [50], [51]. These excipients, such as diluents, dyes, binders, disintegrants, and lubricants, have varying effects on the dissolution rate depending on the dosage form. In immediate-release formulations, they are usually added to improve drug release or aid in solubilizing the drug substance[52], [53], [54]. For instance, disintegrants such as starch, known for its strong disintegration properties owing to its hydrophilic and swelling traits, are commonly included in formulations to enhance drug release[55]. This is achieved by facilitating water absorption into the compressed mass, thereby promoting the breakdown of compacted particles into granules or smaller fragments upon administration.
Incorporating a hydrophilic binder improves the dissolution rate of poorly soluble drugs[56], [57]. However, excessive binder use may produce harder tablets and slower disintegration and dissolution rates. Furthermore, non-aqueous binders such as ethylcellulose can hinder drug dissolution. Lubricants, often hydrophobic (such as metallic stearates), can prolong tablet disintegration time by forming a water-repelling layer around granules[58]. This retarding effect significantly affects the dissolution rate of solid dosage forms. The amount and application method are critical to their effectiveness.  
In the case of modified-release drug products, specific excipients are carefully selected to control both the rate and extent of drug release from the formulation matrix, targeting delivery to specific sites within the gastrointestinal tract[59]. For example, in matrix-based formulations, the active ingredient is incorporated into a polymer matrix that controls drug release via mechanisms like swelling, diffusion, erosion, or their combination[60], [61], [62], [63].
 When designing these complex formulations, it is essential to account for the properties of release-modifying excipients, the physicochemical characteristics of the API, interactions between the API and excipients, the selected release mechanism, and the target release profile.


2.5 Processing Factors
Granulation enlarges particles, turning fine powders into granules, improving flow and reducing dusting, which helps with compression. It is also commonly known to increase the dissolution rates of drugs that are poorly soluble[64]. Wet granulation is generally considered the preferred method. However, sodium salicylate tablets prepared by both wet granulation and direct compression show an exception, since the direct compression method results in a more complete and quicker dissolution[65]. 
The tablet compression process significantly influences several characteristics, such as density, porosity, hardness, disintegration time, and ultimately, the dissolution of the tablet[66]. In the initial scenario, using increased compression forces leads to higher tablet density and hardness, while decreasing porosity[67], [68]. This change limits solvent permeability through the tablet, as the lubricant forms a more effective sealing layer. Typically, this also promotes stronger particle bonding, thereby decreasing the tablet's dissolution rate.
In the second scenario, heightened compression forces may lead to the deformation, fragmentation, or breakage of drug particles into smaller pieces[69], [70], or convert spherical granules into disc-shaped particles. This significantly boosts the tablet's effective surface area, thereby improving its dissolution rate. Interactions during unit operations such as mixing, milling, blending, drying, and granulating can influence tablet dissolution rates. For instance, the dissolution of certain drugs depends on how long they are mixed with Mg-stearate. Additionally, longer mixing times can improve the dissolution rate[71]. 
2.6 Factors Relating to Dissolution Apparatus
2.6.1 Agitation
An important factor in the dissolution apparatus is the agitation speed. This speed creates a flow that constantly changes the interface between the liquid and solid phases, influencing the dissolution process. The relationship between agitation level and dissolution rate varies significantly because of several factors. These include the type of agitation used, flow characteristics (laminar or turbulent), stirrer design and shape, and the physicochemical properties of the solid material[72]. To ensure reliable and consistent results, it is important to prevent turbulence and sustain a reproducible laminar flow during dissolution. This generally requires using low agitation speeds. For example, 100 rpm is recommended for the basket method, while the paddle method should operate at speeds between 50 and 75 rpm to attain the desired dissolution rate. Additionally, the effect of vibration on dissolution test outcomes should also be taken into account[72], [73], [74], [75].
Vibration can add extra energy to a system, such as a dissolution bath, potentially influencing experimental results. As a result, the United States Pharmacopoeia (USP) stipulates that "No part of the assembly, including the environment in which the assembly is placed, contributes significant motion, agitation, or vibration beyond that due to the smoothly rotating stirring element”[76]. 
Therefore, the environment around the dissolution apparatus must be designed to avoid significant vibrations during equipment calibration and routine dissolution testing.
2.6.2 Sampling Probe Position and Filter
[bookmark: page8]Almost all dissolution tests depend on sampled data for their results, making it essential to minimise any factors that could compromise sample accuracy. Sampling errors frequently occur and often result in incorrect outcomes[77]. Selecting the right sampling position is vital and depends on the type of sampling probe used.
In tests that use baskets, the sampling location plays a particularly important role, as a concentration gradient typically exists between the bottom of the vessel and the stirring element[78]. Conversely, in tests with paddles, the effect is less pronounced, as the additional agitation yields a more uniform flow profile.
Based on USP guidelines, the best sampling point is roughly midway between the basket or paddle and the dissolution medium, with at least 1 cm distance from the flask's wall. Particulate buildup on the surface during sampling can cause significant errors in the dissolution test. It's also important to ensure that the filter material is thoroughly saturated with the drug through repeated passes to prevent unnoticed drug losses during sampling.
2.7 Factors Relating to Dissolution Test Parameters
2.7.1 Temperature
The dissolution process is strongly influenced by temperature, making precise temperature control crucial during dissolution testing[79]. To assess the dissolution of oral dosage forms and suppositories, a stable temperature of 37 °C ± 0.5 °C is usually maintained. Conversely, topical preparations are typically tested at lower temperatures, such as 25 °C or 30 °C. Increasing the temperature increases the solubility of solids and produces a positive heat of solution, meaning energy is released during dissolution.
 A positive heat of solution indicates that the energy gained from forming solute-solvent bonds exceeds the energy required to break solute-solute bonds[80]. As a result, solid substances tend to dissolve more quickly when the system's temperature increases. Therefore, in vitro dissolution studies are commonly conducted at 37°C to replicate body temperature and in vivo dissolution conditions[81].
2.7.2 Dissolution Medium
Several factors influence dissolution. For drugs with low solubility, a greater amount of fluid is needed for full dissolution. To balance the concentration gradient and maintain sink conditions, the drug's concentration in the dissolution medium should stay below 10% of its maximum solubility in that medium. Typically, about 1 litre suffices for most drugs to uphold sink conditions. However, certain insoluble drugs create challenges in handling the large volume of dissolution medium required to achieve these conditions[82].
The drug's solubility primarily determines its dissolution rate within the diffusion layer surrounding each dissolving particle. Specifically, the pH of this layer is crucial for weak electrolyte drugs, as it influences their solubility and, in turn, their dissolution rate. For example, weakly acidic drugs tend to dissolve less readily in gastrointestinal fluids (pH 1–3) due to limited solubility in the diffusion layer. Elevating the pH in this region can improve their solubility, thereby increasing dissolution rates in the GI tract. Moreover, viscosity significantly affects the dissolution test, introducing variability and uncertainty that further complicate the hydrodynamics involved in the USP 2 method apparatus[83]. 
2.7.3 Surfactants
Adding a surfactant to a solid dosage form effectively increases the drug release rate. This improvement is usually because the surfactant enhances the formulation's hydrophilicity, which helps the drug dissolve more easily[84]. Different mechanisms contribute to the increased dissolution rate. For example, lowering interfacial tension decreases the solvent's contact angle on the solid surface, thereby improving the wetting of drug particles and allowing the solvent to penetrate the dosage form more effectively.
Once the surfactant concentration exceeds its critical micelle concentration (CMC, typically between 0.05% and 0.10% for most surfactants), micelles form, trapping the drugs within them[85]. Common surfactants like sodium lauryl poloxamers and d-α-tocopherol polyethylene glycol succinate(TPGS) are often used to ensure sink conditions and facilitate rapid dissolution during in vitro method development[86], [87], [88]. In general, nonionic surfactants demonstrate greater surface activity and solubilizing power compared to their ionic surfactant counterparts.[89], [90].
 Undissociated drugs may bind more readily to anionic surfactant micelles, increasing their solubility. Additionally, the dissolution profiles of poorly soluble acidic drugs can vary greatly depending on the surfactant type used in the medium. The choice of surfactant in the dissolution medium plays a crucial role in shaping the dissolution profiles of these poorly soluble drugs[91].
3. The Dissolution Apparatus
The United States Pharmacopoeia (USP) monographs establish specific dissolution testing requirements for oral drug products, using approved apparatus that match the described dosage forms[92]. The USP details seven types of dissolution apparatus, with the basket method (Apparatus 1) and the paddle method (Apparatus 2) being the most commonly used. Known for their simplicity, reliability, and adherence to established standards, these methods are widely accepted worldwide. They enable dissolution testing of various drug products, including capsules and creams, in accordance with USP specifications. The selection of the apparatus is based on how the dosage form performs within the in vitro testing system.



4. In-Vitro In-Vivo Correlation
A primary aim in pharmaceutical drug development for dosage forms is to gain a thorough understanding of both in vivo and in vitro performance. A significant challenge in biopharmaceutical research is linking in vitro drug-release data across formulations to in vivo drug profiles. The US FDA defines in-vitro in-vivo correlation (IVIVC) as "a predictive mathematical model describing the relationship between an in-vitro property of a dosage form and an in-vivo response”[93]. Typically, the in vitro profile involves drug dissolution, release rates, and extent, whereas the in vivo response concerns plasma drug concentration or the total amount of drug entering systemic circulation. 
Understanding both in vitro and in vivo drug performances is a crucial goal in pharmaceutical product development. With advancements in the development and application of IVIVC, in vivo drug performance can be anticipated from its in vitro drug release profile[94]. IVIVC plays a crucial role in the drug discovery and development process. These models can reliably predict in vivo drug behavior from in vitro data, such as dissolution profiles. Their applications include assessing pharmacokinetic properties, ensuring quality, supporting pharmacovigilance, and aiding in the formulation and scaling up of suitable drug products. 
Generally, as shown in Figure 2, any dissolution test can be categorized into four groups. First, bioequivalent products may exhibit similar dissolution profiles (I). Second, bioequivalent products may display different dissolution profiles (II). Third, bioinequivalent products may exhibit similar dissolution profiles (III). Finally, bio inequivalent products may have different dissolution profiles (IV). In this context, outcome IV should be regarded as discriminatory, and the test should be classified as a discriminatory test.
[image: ]
Figure 2: Potential testing outcome scenarios, depicted as drug dissolution profiles, for products exhibiting in vivo similar (bioequivalent) and dissimilar (bioinequivalent) release profiles.
 A discriminatory dissolution test effectively distinguishes products based on their expected in vivo performance. Since dissolution is frequently correlated with bioavailability through IVIVC, similar dissolution profiles between a test and reference product usually suggest bioequivalence, whereas different profiles may indicate potential bioinequivalence[95]. However, genuine discrimination is not just about observing differences in in vitro curves—it requires that dissimilar dissolution profiles correspond to dissimilar in vivo outcomes. 
A test is considered discriminatory only when it produces similar profiles for bioequivalent products and distinct profiles for bioinequivalent ones. If dissolution differences appear without corresponding in vivo differences, the method is over-discriminating and unsuitable; conversely, if it fails to detect meaningful in vivo differences, it is under-discriminating[96]. Therefore, the discriminatory power of a dissolution method must be grounded in physiological relevance and reflect formulation attributes, release mechanisms, and gastrointestinal conditions. Without a demonstrated in vivo link, dissolution testing serves merely as a quality-control tool rather than as a predictive, bio-pharmaceutically meaningful assessment.
 When seeking biowaivers for changes in drug manufacturing, IVIVC can substitute for certain in vivo studies if safety and efficacy are sufficiently demonstrated. Recently, IVIVC has been incorporated into the Quality by Design (QbD) framework to define clinically relevant specifications for drug products, with dissolution serving as the key endpoint[97]. Additionally, IVIVC can assist in establishing dissolution specifications[98]. Examples include justifying changes in reinforcing strength, minor formulation adjustments, modifications to the manufacturing site, and ensuring batch-to-batch quality control.
Regulatory agencies recommend using an IVIVC model for most modified-release dosage forms. The primary benefit of IVIVC is its ability to evaluate in vivo absorption changes arising from in vitro dissolution variations, even when only minor differences exist in a pharmaceutical formulation[99]. After selecting a validated IVIVC model, it can predict bioavailability and bioequivalence (BA/BE) from existing in vitro data. This allows dissolution test results to be used as the needed information without conducting human bioequivalence studies[100].

Regulatory bodies throughout the US and Europe consider IVIVC essential for biowaiver approvals, enabling pharmaceutical firms to bypass expensive in vivo studies for new formulations. Validated IVIVC models streamline drug approval by cutting down both the time and expenses associated with clinical trials[101], [102]. 

Validation of an analytical method is designed to assess the dissolution profile of products or verify pharmacopoeial compliance for dosage forms. The method should demonstrate scientific robustness, ensuring accurate, precise, and reproducible results and, most importantly, guaranteeing acceptable drug product quality. Essentially, this analytical method must prove its ability to accurately classify two dissolution profiles as similar or to confirm that drug products meet pharmacopoeia standards.


Conclusion
Dissolution testing plays a vital role in pharmaceutical development by revealing how active pharmaceutical ingredients are released from solid dosage forms. Understanding the physicochemical properties of APIs, excipients, and finished products is key to ensuring consistent drug quality, therapeutic efficacy, and regulatory compliance. The models discussed—such as the Noyes–Whitney equation, the Danckwerts model, the interfacial barrier model, and the Higuchi model—provide important frameworks for understanding the mechanisms governing drug dissolution.
Drug dissolution is affected by various factors, including the physicochemical properties of the drug substance, formulation composition, manufacturing processes, dissolution apparatus conditions, and experimental parameters such as temperature, medium composition, and agitation speed. Proper control of these variables, along with suitable sink conditions, is crucial for producing reliable, physiologically relevant dissolution data.
Furthermore, integrating dissolution studies with the Biopharmaceutical Classification System and in-vitro–in-vivo correlation models has improved the predictive power of dissolution testing in drug development. These approaches assist in bioequivalence assessment, simplify regulatory approval, and support more efficient and cost-effective pharmaceutical development. Dissolution testing remains a crucial tool for maintaining the quality, performance, and therapeutic consistency of oral pharmaceutical products.
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