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Abstract—Quality by Design (QbD) is an approach that
has gained popularity in the field of pharmaceutical
Analytical Method Development in an attempt to
promote reliable method performance and good product
quality. In contrast to the trial-and-error traditional
method development practice, Analytical Quality by
Design (AQbD) focuses on set goals, understanding the
variables involved in the method, and method control.
The QbD strategy is initiated by the development of the
Analytical Target Profile (ATP), followed by the
determination of the Critical Quality Attributes (CQAS),
Critical Method Parameters (CMPs), and risk analysis
employing appropriate techniques. The use of design of
experiments and optimization techniques through the
design of experiments facilitates optimization of
robustness. The use of control strategy implementation is
essential for ensuring consistent method performance in
the analysis. This article will outline the concept,
components, benefits, and future trends of the strategy in
the development of the analytical method for
pharmaceutical products.

Index Terms—Quality by Design (QbD); Analytical
Quality by Design (AQbD); Analytical Method
Development; Pharmaceutical Analysis; Analytical
Target Profile (ATP); Design of Experiments (DoE);
Risk Assessment; Method Operable Design Region
(MODR); Critical Quality Attributes (CQAs); Critical
Method Parameters (CMPs); Method Lifecycle
Management

I. INTRODUCTION

Quality by Design (QbD): Quality by Design, or QbD,
refers to an innovative, scientific, and risk-based
manner of pharmaceutical development that is more
driven by enhancing quality into a product, a process,
or multiple processes, with less focus on post-
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production testing. The term “Quality by Design”
came into existence through various guidance
documents from the International Council for
Harmonization, including “ICH Q8 Pharmaceutical
Development,” “ICH Q9 Quality Risk Management,”
and “ICH Q10 Pharmaceutical Quality System.”
Quality by Design involves a deep scientific
understanding of a process along with an identification
of its variables.[1]

Analytical Quality by Design (AQbD) refers to the
application of the QbD approach in analytical method
development. This approach ensures that the
developed analytical method is robust, reliable, and
able to meet certain predefined criteria. It requires the
development of the Analytical Target Profile, the
identification of the Critical Quality Attributes, and the
use of risk assessment and design tools to control the
Critical Method Parameters.

The requirement for QbD in analytical method
development arises from the inadequacy of
conventional analytical methods. Conventional
analytical methods have shortcomings in terms of
robustness and variability during operational usage.
The conventional method is usually developed in
conditions that are not optimal. Hence, method failure
and revalidation occur often. The analytical method
developed through the use of QbD eliminates these
challenges through improved understanding and
reduced variability.[2]

From a regulatory perspective, QbD has gained
significant importance as regulatory agencies such as
the US Food and Drug Administration (USFDA) and
the European Medicines Agency (EMA) encourage its
implementation to improve pharmaceutical quality
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and compliance. Adoption of AQbD supports
regulatory flexibility, reduces post-approval changes,
and facilitates smoother method lifecycle
management. Thus, the QbD approach in analytical
method development plays a critical role in ensuring
data integrity, method robustness, and overall
pharmaceutical product quality.
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FIGURE 1. OVERALL CONCEPT OF QUALITY
BY DESIGN (QBD) IN PHARMACEUTICAL
ANALYSIS

Il. REGULATORY BACKGROUND AND
QUALITY BY DESIGN CONCEPT

The regulatory foundation of Quality by Design (QbD)
in the pharmaceutical sector is primarily based on
guidelines issued by the International Council for
Harmonisation (ICH). These guidelines provide a
structured framework for integrating quality into
pharmaceutical development, including analytical
method development.[3]

ICH Q8 (PHARMACEUTICAL DEVELOPMENT)
introduces the QbD concept by emphasizing
systematic  development based on scientific
knowledge and quality risk management. It
encourages defining predefined objectives, identifying
Critical Quality Attributes (CQAS), and understanding
the relationship between formulation, process
variables, and product performance. Although initially
focused on formulation and process development, the
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principles of ICH Q8 laid the groundwork for applying
QbD to analytical methods.

ICH Q9 (QUALITY RISK MANAGEMENT)
provides tools and principles for identifying,
evaluating, and controlling risks to quality throughout
the product lifecycle. In analytical method
development, risk assessment techniques such as
Failure Mode and Effects Analysis (FMEA), Ishikawa
diagrams, and risk ranking are used to identify Critical
Method Parameters (CMPs) that may impact method
performance and reliability.

ICH Q10 (PHARMACEUTICAL QUALITY
SYSTEM) describes a comprehensive quality system
model that supports continuous improvement and
lifecycle management of pharmaceutical products and
analytical methods. It ensures that QbD-based
analytical methods remain in a state of control during
routine analysis, method transfer, and post-approval
changes.[4]

ICH Q14 (ANALYTICAL PROCEDURE
DEVELOPMENT) specifically addresses the
development of analytical procedures using a QbD
approach. It formalizes the concept of Analytical
Quality by Design (AQbD) by recommending the
establishment of an Analytical Target Profile (ATP),
systematic method development, identification of
method performance characteristics, and
implementation of control strategies. ICH Q14 aligns
closely with ICH Q2(R2) for method validation,
promoting enhanced method understanding and
regulatory flexibility.[5]

AQbD's function in pharmacological analysis is to
provide assurance that analytical techniques are
reliable, based on science, and appropriate for their
intended use. Consistent method effectiveness,
enhanced data quality, minimized variability, along
with successful method lifecycle management are all
made possible by AQbD. AQbD promotes reputable
pharmaceutical analysis and increases administrative
confidence in analytical results by fusing scientific
understanding with regulatory expectations.[6]
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FIGUEE 2. REGULATORY FRAMEWORK
SUPPORTING QBD AND AQBD

I1l. ANALYTICAL METHOD DEVELOPMENT
METHODOLOGY UNDER QBD

Analytical method development under the Quality by
Design (QbD) framework follows a structured,
knowledge-driven, and risk-based methodology to
ensure robust and reliable analytical performance.
This systematic approach enables better understanding
and control of analytical variability throughout the
method lifecycle.[7]

ANALYTICAL TARGET PROFILE (ATP)

The Analytical Target Profile (ATP) is the cornerstone
of Analytical Quality by Design (AQbD). It clearly
defines the purpose of the analytical method and
specifies the required performance characteristics,
such as accuracy, precision, specificity, linearity,
range, and detection limits. The ATP ensures that the
method is “fit for purpose” and provides a measurable
benchmark against which method performance is
evaluated during development and validation.
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CRITICAL QUALITY ATTRIBUTES (CQAS)

Critical Quality Attributes in analytical method
development refer to the key performance
characteristics of the analytical procedure that must be
controlled to meet the ATP. These include parameters
such as resolution, peak symmetry, sensitivity,
robustness, and system suitability criteria.
Identification of analytical CQAs helps in
understanding how variations in method conditions
may affect method reliability and data quality.

CRITICAL METHOD PARAMETERS (CMPS)
Critical Method Parameters are the operational
variables of the analytical method that can
significantly influence CQAs. Examples include
mobile phase composition, pH, flow rate, column type,
temperature, detection wavelength, and sample
preparation conditions. CMPs are identified through
prior knowledge, experimental data, and risk
assessment. Proper control of CMPs ensures
consistent method performance and minimizes
analytical variability.[19]

RISK ~ ASSESSMENT AND DESIGN OF
EXPERIMENTS (DOE)

A crucial part of the QbD methodology is risk
assessment, which is used to determine and rank the
CMPs that most significantly affect CQAs. Frequently
used tools include risk rating matrices, failure mode
and impact analysis (FMEA), and Ishikawa (fishbone)
diagrams. The impact of several CMPs at once and
their interactions are then methodically investigated
using Design of Experiments (DoE). DoE enables it to
be easier to optimize methods, create design space, and
improve method resilience, which results in an
analytical process that is well-controlled and
supported by science.[8]
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TABLE: ANALYTICAL QUALITY BY DESIGN (AQBD) WORKFLOW FOR ANALYTICAL METHOD

DEVELOPMENT
Step AQbD Stage Description Key Outcomes
No.
1 Analytical Target Defines the purpose of the analytical method Clear method objectives;
Profile (ATP) and required performance characteristics such as method fitness for
accuracy, precision, specificity, linearity, range, intended use
and sensitivity.
2 Identification of Critical | Identifies key analytical performance attributes Understanding of critical
Quality Attributes that directly impact method reliability and data method performance
(CQAS) quality (e.g., resolution, peak symmetry, signal- criteria
to-noise ratio).
3 Identification of Critical | Determines method variables that significantly Identification of variables
Method Parameters influence CQAs, including mobile phase requiring control
(CMPs) composition, pH, flow rate, temperature, and
detection parameters.
4 Risk Assessment Evaluates risks associated with CMPs using Risk prioritization and
tools such as Ishikawa diagrams, FMEA, and focused experimentation
risk ranking matrices to prioritize critical
factors.
5 Design of Experiments Applies multivariate experimental designs to Optimized method
(DoE) study interactions between CMPs and optimize conditions; enhanced
analytical conditions systematically. method understanding

6 Establishment of Defines the multidimensional range of CMPs Robust operational space;

Method Operable within which the method consistently meets the regulatory flexibility
Design Region ATP requirements.
(MODR)

7 Control Strategy Develops controls such as system suitability Consistent method
tests, parameter limits, SOPs, and monitoring performance during
plans to maintain method performance within routine use

MODR.
8 Method Validation Confirms method performance according to ICH Regulatory-compliant
Q2(R2) requirements, ensuring accuracy, validated method
precision, specificity, robustness, and reliability.
9 Lifecycle Management Ensures continuous monitoring, change Sustained method
management, and improvement of the analytical reliability and data
method throughout its lifecycle. integrity

IV. ANALYTICAL METHOD ESTIMATION AND
OPTIMIZATION

Analytical method estimation and optimization under
the Quality by Design (QbD) framework aim to
achieve consistent method performance that meets the
predefined Analytical Target Profile (ATP). This stage
focuses on systematic experimentation, understanding
variable interactions, and establishing robust
operational controls.[18]
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USE OF DESIGN OF EXPERIMENTS (DOE) FOR
OPTIMIZATION

AQbD uses Design of Experiments (DoE), a strong
statistical procedure, to evaluate the simultaneous
effect of several Critical Method Parameters (CMPSs)
on Critical Quality Attribute (CQAS). DoE enables the
effective identification of key components and their
interactions, when compared to the one-factor-at-a-
time technique. To maximize analytical conditions,
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common experimental designs such factorial designs,
responses surface methods, and Box-Behnken designs
are used. DoE-based optimization reduces
experimental trials, increases method understanding
and increases method performance.[9]

METHOD OPERABLE DESIGN REGION (MODR)
The Method Operable Design Region (MODR) is the
multidimensional combination of CMPs that ensures
the analytical method consistently meets the ATP.
Within the MODR, deliberate changes to method
parameters do not adversely affect method
performance. Establishing MODR provides regulatory
flexibility, as adjustments made within this region are
generally not considered regulatory changes. MODR
enhances method robustness and ensures reliable
performance during routine analysis and method
transfer.[17]

CONTROL STRATEGY AND ROBUSTNESS

A control strategy is developed to maintain analytical
method performance within the defined MODR. It
includes system suitability tests, control of critical
parameters, standard operating procedures, and
monitoring of method performance over time.
Robustness testing evaluates the method’s ability to
remain unaffected by small, deliberate variations in
CMPs such as pH, flow rate, or temperature. A well-
defined control strategy ensures consistent analytical
results, minimizes out-of-specification outcomes, and
supports effective lifecycle management of the
analytical method.[10]

V. ADVANTAGES AND CHALLENGES OF
AQBD APPROACH

The Analytical Quality by Design (AQbD) approach
offers a modern and systematic framework for
analytical method development; however, its
implementation also presents certain challenges.
Understanding both aspects is essential for effective
adoption in pharmaceutical analysis.[16]

ADVANTAGES OVER
METHODS

AQDD is a strict, risk-based process that ensures the
techniques employed are reliable, strong, and
appropriate for their intended application. Unlike
previous approaches that rely on trial and error, AQbD

CONVENTIONAL
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emphasizes predetermined goals through the
Analytical Target Profile (ATP) and thorough
knowledge of procedure variables. It minimizes
variability, strengthens method resilience, and
eliminates method failures during regular assessments
and method transfer. AQbD encourages freedom from
regulation and reduces the need for post-approval
adjustments and revalidation by defining the
procedure's Operable Design Regions (MODR).
Additionally, the approach improves efficiency,
reduces development time and cost over time, and
ensures consistent data quality during the method's
duration.[11]

LIMITATIONS AND
CHALLENGES

Despite  AQbD's advantages, there are several
challenges in its application. The approach requires
familiarity in Design of Experimental (DoE), a
thorough understanding of statistics, and the
availability of appropriate software tools. Particularly
for small-scale labs, initial development may require
an immense expenditure of time and resources. A lack
of legal certainty during early adoption and opposition
to deviating from standard practices might further
impede dissemination. The successful deployment of
AQbD also requires thorough documentation,
collaboration among departments, and strong
management support—all of which may not always be
readily available. These problems need to be resolved
though infrastructure development, training, and
administrative compatibility if AQbD is to be
commonly employed in pharmaceutical analysis.[12]

IMPLEMENTATION

VI. FUTURE PERSPECTIVES OF AQBD IN
PHARMACEUTICAL ANALYSIS

The future of Analytical Quality by Design (AQbD) in
pharmaceutical analysis is closely aligned with
advancements in digital technologies, data-driven
decision-making, and comprehensive lifecycle
management. These developments are expected to
further strengthen method robustness, efficiency, and
regulatory compliance.[13]

DIGITALIZATION AND AUTOMATION

By integrating electronic data management systems,
laboratory information management systems (LIMS),
and automated analytical platforms, digitalization is

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 7652



© December 2025 | IJIRT | Volume 12 Issue 7 | ISSN: 2349-6002

revolutionizing analytical laboratories. Automation
lowers human error, maximizes reproducibility, and
permits  real-time  monitoring of  analytical
performance. When utilized with AQbD principles,
digital tools promote effective method development,
continuous verification, and quick recognition of
deviations within the Method Operable Design Region
(MODR).

ARTIFICIAL INTELLIGENCE AND ADVANCED
ANALYTICAL TOOLS

Artificial intelligence (Al), machine learning, and
advanced chemometric tools are emerging as powerful
enablers of AQbD. These technologies can analyze
complex datasets generated during Design of
Experiments (DoE), predict method behavior, and
optimize analytical parameters with greater precision.
Advanced analytical techniques such as hyphenated
methods, high-resolution mass spectrometry, and real-
time analytical technologies further enhance method
understanding and support robust, science-based
decision-making.[14]

LIFECYCLE MANAGEMENT OF ANALYTICAL
METHODS

From development and validation to regular use and
ongoing improvement, AQbD advocates for a
lifecycle approach to analytical method management.
Sustained method reliability throughout time is
ensured via continuous verification, management of
modifications  within  MODR, and ongoing
performance  monitoring. Future  regulatory
frameworks are anticipated to place a greater emphasis
on lifecycle management, making AQbD a key tactic
for preserving analytical quality, guaranteeing data
integrity, and fostering ongoing improvements in
pharmaceutical analysis.[15]

VII. CONCLUSION

The Quality by Design (QbD) approach has
significantly ~ transformed  analytical  method
development in the pharmaceutical industry by
shifting the focus from empirical testing to a
systematic, science- and risk-based methodology.
Analytical Quality by Design (AQbD) ensures that
analytical methods are developed with a thorough
understanding of method variables, their interactions,
and their impact on method performance. By defining
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the Analytical Target Profile (ATP), identifying
Critical Quality Attributes (CQAs) and Critical
Method Parameters (CMPs), and applying risk
assessment and Design of Experiments (DoE), AQbD
enables the development of robust, reliable, and fit-
for-purpose analytical methods. The adoption of
AQbD enhances regulatory flexibility, improves data
quality, reduces method failures, and supports
effective lifecycle management. Overall, AQbD
represents a progressive and sustainable approach for
ensuring analytical excellence and maintaining
pharmaceutical product quality throughout the
lifecycle.
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