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ABSTRACT
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Drug dissolution testing is a fundamental tool in pharmaceutical development, traditionally employed for quality control and batch
release of oral dosage forms. However, the increasing prevalence of poorly water-soluble drug candidates and complex formulation
strategies has necessitated the evolution of dissolution testing toward more physiologically relevant and predictive methodologies.
Recent advances in dissolution science focus on the development of biorelevant and dynamic dissolution systems capable of
simulating gastrointestinal pH gradients, fluid composition, and transit processes. Emerging approaches such as biphasic dissolution
testing, non-sink and supersaturation-based methods, and miniaturized high-throughput platforms provide improved mechanistic
understanding of drug release and absorption behavior. Furthermore, the integration of dissolution data with physiologically based
pharmacokinetic (PBPK) modeling and in vitro—in vivo correlation (IVIVC) frameworks has enhanced the ability to predict in vivo drug
performance from in vitro experiments. Advanced analytical techniques and data-driven modeling approaches, including artificial
intelligence, are increasingly being applied to elucidate dissolution mechanisms and optimize formulation design. This review
highlights recent developments in dissolution testing methodologies, discusses their applications and limitations, and outlines future
directions toward predictive dissolution strategies in modern pharmaceutics.

INTRODUCTION

rug dissolution testing has long been recognized as

a fundamental analytical tool in pharmaceutical

sciences. Pharmaceutical dissolution is the process
by which an active pharmaceutical ingredient (API) is
released from a dosage form and dissolves into a
surrounding liquid medium, resulting in the formation of a
solution that makes the drug available for absorption. This
process is influenced by the physicochemical properties of
the drug, the formulation of the dosage form, and the
conditions of the dissolution environment!. Initially
developed to ensure batch-to-batch consistency and
product quality, dissolution testing has evolved into an
integral component of formulation design, bioavailability
assessment, and regulatory decision-making. For orally
administered solid dosage forms, dissolution is a critical
step preceding drug absorption, and in many cases, it
represents the rate-limiting factor governing systemic
exposure. The modern pharmaceutical landscape is
characterized by a growing number of drug candidates with
poor aqueous solubility and high lipophilicity. Such
compounds, frequently classified as Biopharmaceutics
Classification System (BCS) class Il or IV drugs, exhibit
dissolution-limited absorption, making the design and
evaluation of appropriate dissolution methodologies
increasingly  important.  Conventional = compendial
dissolution tests, while robust and reproducible, often fail
to adequately reflect the dynamic and heterogeneous
conditions of the gastrointestinal tract. In response to these
challenges, dissolution testing has undergone significant
methodological and conceptual advances. Biorelevant
dissolution media, physiologically relevant hydrodynamics,
and mechanistic modeling approaches have been

developed to improve the predictive value of in vitro
dissolution data. Regulatory agencies now acknowledge the
expanded role of dissolution testing, recognizing its
potential use in establishing bioequivalence, supporting
biowaivers, and informing clinically relevant specifications?.

Dissolution is used in pharmaceutical research and quality
control to evaluate how a drug is released from its dosage
form into a liquid medium, a step that is essential for drug
absorption. It provides insight into the in vitro performance
of a formulation and helps predict it’s in-vivo behavior.
Dissolution testing is also applied to ensure consistency
between production batches, to compare different
formulations, and to assess the influence of formulation or
manufacturing changes on drug release. Additionally,
dissolution studies play an important role in demonstrating
bioequivalence and fulfilling regulatory requirements
during drug development and post-approval stages?.

This review aims to provide a critical and comprehensive
examination of drug dissolution testing in pharmaceutics,
covering its theoretical foundations, experimental
methodologies, and practical applications. By integrating
classical concepts with emerging approaches, this review
aims to provide a detailed and balanced overview of

dissolution testing in pharmaceutics, covering its
theoretical basis, experimental methodologies, and
applications.

Theoretical background of drug dissolution:
Classical Dissolution Theory

The dissolution process is commonly described using the
Noyes—Whitney equation, which relates the dissolution
rate to the concentration gradient between the drug
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surface and the bulk medium. The model assumes that
dissolution occurs through diffusion across a stagnant
boundary layer adjacent to the solid surface. Although
simplistic, this framework highlights the influence of key
variables such as surface area, solubility, diffusion
coefficient, and agitation. Subsequent theoretical
developments incorporated hydrodynamic considerations,
recognizing that the thickness of the diffusion boundary
layer is influenced by fluid motion. Despite these
refinements, classical models are limited by assumptions
that rarely hold for real dosage forms, such as constant
surface area and ideal sink conditions?.

Sink and non-sink dissolution

Sink conditions are commonly employed in dissolution
testing to maintain drug concentrations well below
saturation solubility. While this approach enhances
reproducibility, it may not reflect conditions in the
gastrointestinal tract, where localized drug concentrations
can approach or exceed solubility limits. Non-sink
dissolution testing has therefore gained interest as a means
of studying supersaturation, precipitation, and formulation-
dependent release behavior®.

Influence of drug and formulation properties

Dissolution behavior is influenced by a wide range of
physicochemical properties, including particle size, crystal
form, ionization state, wettability, and solid-state stability.
Formulation factors such as excipient composition,
manufacturing process, and dosage form architecture
further affect drug release. Understanding these factors is
essential for designing dissolution methods that are both
discriminatory and meaningful®.

Dissolution Testing Methodologies
Compendial Dissolution Apparatus

Pharmacopeial dissolution apparatuses, including the
basket (USP I) and paddle (USP II), remain the most widely
used tools in quality control and regulatory testing. These
systems are valued for their simplicity, reproducibility, and
broad regulatory acceptance. However, their fixed
hydrodynamics and static test conditions limit their ability
to simulate physiological environments.
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Figure 2: USP Il paddle

The reciprocating cylinder (USP Ill) and flow-through cell
(USP 1V) offer greater flexibility and are particularly useful
for modified-release formulations. Nevertheless, their use
remains less common due to increased operational
complexity’.
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Figure 3: USP Ill apparatus
Biorelevant dissolution media

Biorelevant dissolution media have been developed to
better simulate gastrointestinal fluids under fasted and fed
conditions. These media incorporate bile salts,
phospholipids, and appropriate buffer systems, enabling
improved solubilization of lipophilic drugs. Use of such
media has been shown to enhance the ability of dissolution
tests to distinguish between formulations with different in
vivo performance®.

Advanced and non-compendial systems

To overcome the limitations of standard apparatuses, a
variety of non-compendial systems have been proposed.
These include pH-shift experiments, multi-compartment
models, and gastrointestinal simulators designed to capture
dynamic changes in pH, fluid composition, and transit. Such
systems are particularly valuable for studying weakly basic
drugs and formulations prone to precipitation®.

New and emerging approaches in dissolution testing
Dynamic and biorelevant dissolution models

Dynamic dissolution systems aim to reproduce the changing
conditions encountered by a dosage form as it transits the
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gastrointestinal tract. These models allow investigation of
dissolution and precipitation events that occur during
gastric emptying and intestinal exposure. Compared to
static tests, dynamic systems provide greater mechanistic
insight but require careful design and interpretation®.

Biphasic dissolution testing

Biphasic dissolution systems consist of an aqueous phase
coupled with an immiscible organic phase that mimics drug
absorption. The organic phase acts as a continuous sink,
maintaining the driving force for dissolution. This approach
has shown promise for poorly soluble, highly permeable
drugs and can improve the discriminatory power of
dissolution testing during formulation development?!?,

Supersaturation-based dissolution testing

Many modern formulations rely on the generation of
supersaturated drug concentrations to enhance absorption.
Dissolution testing under non-sink conditions enables direct
assessment of supersaturation kinetics and precipitation
behavior. Such studies are particularly relevant for
amorphous solid dispersions and lipid-based
formulations??,

Miniaturized and high-throughput methods

Miniaturized dissolution systems enable rapid screening of
multiple formulations using small quantities of material.
These approaches are especially valuable in early
development, where active pharmaceutical ingredient
availability may be limited. While not intended to replace
compendial tests, they provide useful comparative data
when combined with mechanistic understanding®3.

Integration with modeling and simulation

Dissolution data are increasingly incorporated into
physiologically based pharmacokinetic models, allowing
guantitative prediction of in vivo drug exposure. This
integration supports formulation optimization, assessment
of food effects, and exploration of clinically relevant
dissolution specifications!4.

Applications for dissolution testing
Quality control and regulatory use

Dissolution  testing remains a cornerstone of
pharmaceutical quality assurance. It is used to ensure
manufacturing consistency, support stability studies, and
verify compliance with regulatory specifications. Well-
designed dissolution methods can also serve as surrogates
for in vivo studies in specific regulatory contexts®®.

Formulation development

During formulation development, dissolution testing is used
to compare prototype formulations, assess the impact of
excipients and processing conditions, and guide
optimization strategies. Discriminatory dissolution methods
are particularly valuable for identifying formulations likely
to exhibit superior in vivo performance?®,

Predictive biopharmaceutics

When combined with IVIVC and PBPK modeling, dissolution
testing contributes to a predictive framework linking
formulation design to clinical outcomes. This approach
supports rational decision-making and reduces reliance on
extensive in vivo studies?’.

Challenges and future perspectives

Despite substantial progress, dissolution testing faces
ongoing challenges. These include limited standardization
of biorelevant methods, difficulty in reproducing complex
gastrointestinal dynamics, and challenges in translating in
vitro findings to diverse patient populations. Future
research is expected to focus on improved integration of
experimental and computational approaches, as well as
development of patient-centric dissolution models that
account for physiological variability*8.

CONCLUSION

Dissolution testing has evolved from a routine quality
control assay into a versatile and increasingly predictive
tool in pharmaceutical development. Advances in
biorelevant media, dynamic testing systems, and
mechanistic modeling have expanded its application
beyond traditional boundaries. Continued innovation and
critical evaluation of dissolution methodologies will be
essential to address the challenges posed by modern drug
candidates and to strengthen the link between in vitro
testing and clinical performance.
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