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Although its adoption is increasing within the generic drug industry, many professionals
are still not deeply familiar with its principles or terminology. This paper outlines the
core concepts of QbD, showing how it ensures reliable product quality by defining the
desired product profile, determining the critical quality attributes, setting an appropriate
design space, establishing a comprehensive control strategy, and overseeing the product
throughout its lifecycle. By thoroughly evaluating how formulation ingredients and
processing parameters influence product performance, QbD streamlines development,
provides greater regulatory flexibility, and strengthens product consistency. Effective
application of QbD requires strong collaboration among R&D, manufacturing, quality,
and regulatory teams, aligned with international guidelines such as ICH Q8, Q9, and

Q10.[1]

INTRODUCTION

slow, and reactive. This has encouraged the
adoption of more forward-looking and structured

Since the FDA revised its current Good  yality approaches. As a result, Quality by Design
Manufacturing Practices (cGMP) in 2002, the (QbD) has gained prominence as a more
pharmaceutical industry ~ has increasingly  jependable and effective strategy. Modern drug

recognized the

importance of strengthening
product quality. Traditional reliance on end-
product testing alone has shown to be inefficient,

development emphasizes deliberately designing
products  that consistently meet quality
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expectations and establishing manufacturing
processes that can reliably reproduce those
outcomes. The International Council for
Harmonisation (ICH) promotes a lifecycle-based,
science-driven, and risk-focused model to ensure
quality, with the overarching goal of delivering

safe, high-quality medications to patients. [°]

ICH guideline Q8, which focuses on formulation
and process development, underscores the need to
build quality into the product from the earliest
development phases rather than relying solely on
final checks. This philosophy centers on selecting
appropriate formulations and process conditions
from the beginning, followed by continuous
refinement throughout development. Its core
concepts  include  comprehensive  quality
management and ongoing improvement. The QbD
framework supports these principles by fostering a
detailed understanding of both the product and the
manufacturing process. For instance, if a batch
does not meet its quality criteria because of raw-
material variability, QbD calls for identifying the
cause and extent of the variation, evaluating its
effect, and applying monitoring or control
mechanisms—such as real-time analytical tools—
to maintain consistent quality. In contrast to
traditional methods that simply tighten ranges or
remove suspect materials, QbD provides a more
holistic, efficient, and dependable path to quality

assurance. 1!

Regulatory guidelines also provide direction on
implementing QbD. As per ICH Q8 (R1), QbD is
described as a “systematic development approach
that begins with clearly defined objectives,
emphasizes thorough understanding of both the
product and the manufacturing process, and
applies scientifically justified process controls
supported by quality risk management.” Likewise,
the FDA’s Process Analytical Technology (PAT)
framework defines QbD as a methodology that
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utilizes real-time data to design, monitor, and
control manufacturing operations, ensuring that
the final product is safe and effective. The
European Medicines Agency (EMA) and other
international regulatory authorities have also
incorporated  QbD  principles their
expectations for drug development. In essence,
QbD offers a modern, science-based approach that
enhances development efficiency,
manual interventions through automation, and
allows faster identification and resolution of
quality-related issues. Instead of relying only on
end-product testing, it emphasizes early detection

into

minimizes

of process deviations and timely corrective
actions. %!

QbD is not limited to product formulation and
manufacturing; its principles can also be applied to
the development of analytical methods, where it is
referred to as Analytical Quality by Design
(AQbD). This article highlights the value of
incorporating QbD concepts into analytical
processes, compares conventional analytical
method development with the AQbD approach,
and examines the regulatory framework
supporting AQbD. It further describes how QbD
elements can be implemented within analytical
workflows and provides examples of successful
application. Maxine K. Fritz from NSF Becker &
Associates Consulting emphasizes that quality
should be integrated from the outset, pointing out
that while this may require an initial investment,
neglecting to establish robust quality systems can
result in much greater financial and operational
challenges in the long run. P!

A survey of the scientific literature indicates that
the pharmaceutical industry has not yet fully
grasped the concept of AQbD. Many professionals
mistakenly equate it with general QbD, although
AQbD focuses specifically on analytical method
development. Furthermore, practical resources for
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implementing AQbD are limited, and knowledge
of key tools like Design of Experiments (DoE)
remains inadequate among analysts. This
underscores the need for comprehensive
clarification of AQbD principles, step-by-step
guidance for and

lustrative

laboratory  application,
examples demonstrating its
effectiveness in creating robust, scientifically
sound analytical methods. [°!

Analytical Quality by Design applies QbD
principles to the development, optimization, and
lifecycle oversight of analytical procedures. The
central idea is to embed quality into the method
from the very beginning instead of confirming it
only after development. Rather than depending on
trial-and-error approaches, AQbD employs a
structured, scientifically grounded process that
includes risk assessment, planned experimental
studies, and continuous refinement. !

Principle:

Analytical Quality by Design applies the
principles of QbD to the creation and refinement
of analytical methods. Rather than relying
primarily on testing the final product, AQbD
focuses on incorporating quality into the analytical
method from the outset. Its objective is to develop
methods that are scientifically robust, dependable,
and consistently deliver accurate results. AQbD
provides a structured approach for the systematic
design, optimization, validation, and ongoing
lifecycle management of analytical techniques. 1/

Analytical Quality through Design According
to Fundamentals and Design Principle:

Analytical Quality through Design is grounded in
the core QbD principles, which focus on clearly
establishing how product attributes relate to the
process parameters that influence them. QbD
involves creating a multidimensional “design
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space” that illustrates how these factors interact.
The same concepts used in developing
manufacturing processes can be applied to
designing analytical methods. [!®

In Analytical Quality by Design, the workflow
begins with establishing the Analytical Target
Profile (ATP), which defines the objective of the
analysis and the expected performance criteria for
the method. A comprehensive understanding of
the analytical procedure is then achieved by
identifying the Critical Method Parameters
(CMPs) through detailed risk assessments and
multivariate analysis techniques. The Method
Operating Range, also referred to as the design
space, determines the permissible limits for these
CMPs, ensuring that the method reliably meets the
designated Critical Method Attributes (CMAs). (18]

Analytical Target Profile:

Within the AQbD framework, the Analytical
Target Profile (ATP) forms the cornerstone of
analytical method development, similar to how the
Quality Target Product Profile (QTPP) directs
product design. It defines the purpose of the
analytical procedure and sets quantifiable
performance goals. The ATP also specifies the
analyte of interest, the chosen analytical technique
(such as HPLC, GC, ion chromatography, or
HPTLC), and the essential characteristics the
method must evaluate, including

detection and other critical analytical parameters.
[12]

impurity

Critical Quality Attributes (CQAs):

Once the ATP is established, the next stage is to
identify the Critical Quality Attributes. These refer
to the physical, chemical, or biological properties
that must be maintained within acceptable limits to
ensure that the analytical method provides
accurate and consistent results. CQAs are directly
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connected to method performance and play a vital
role in achieving the desired analytical quality. (4!

Risk Assessment:

In AQbD, risk assessment examines how changes
in analytical conditions—such as operator
handling, settings, sample
characteristics, and environmental factors—can
impact Critical Quality Attributes (CQAs).
Following ICH Q9 guidelines, this process

instrument

involves identifying potential risks, analyzing
them, and evaluating their significance. Tools like
flowcharts, checklists, and Ishikawa (fishbone)
diagrams help categorize variables into major
risks, noise factors, and experimental elements.
More formalized approaches, including FMEA,
FMECA, REM, HAZOP, and HACCP, enable
semi-quantitative risk ranking. For example,
FMEA assigns numerical scores based on severity,
likelihood, and detectability, REM
categorizes risks as low, medium, or high
according to their impact and frequency. [*!

while

Method Operational Domain (MOD):

The goal of the analyst is to define the method’s
operational domain using data generated from
Design of Experiments (DoE), often supported by
response surface modeling. This domain
represents the multidimensional range within
which all Critical Method Attributes (CMAs)
satisfy predefined acceptance limits, ensuring the
method performs consistently and reliably. It is
commonly illustrated using overlapping contour
plots for various responses. A related concept, the
Method Operable Design Region (MODR),
outlines the specific conditions under which the
analytical method consistently operates. For
example, in developing an HPLC method, initial
screening experiments are used to pinpoint
important factors like the mobile phase ratio,
column temperature, and flow rate. These are then
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refined and optimized through response surface
methodology or similar optimization studies. %]

Control Strategy:

The control strategy is developed using knowledge
gained from the Method Operable Design Region
and defines the actions required to maintain
consistent method performance throughout its
lifecycle. It is a dynamic approach that evolves
during method development, validation, and
routine use. While QbD based control strategies
share similarities with conventional approaches,
they place greater emphasis on statistical
evaluation and a thorough understanding of the
design spaceFor instance, factors such as mobile
phase ratio, flow rate, detection wavelength, and
column temperature—along with their influence
on responses like peak area, retention time, and
plate efficiency—can be evaluated together to
develop a thorough and dependable control

strategy. [1¢]

Regulatory Considerations for Analytical QbD:

Adopting Analytical Quality by Design (AQbD)
enables pharmaceutical companies to enhance the
reliability and consistency of analytical methods
while minimizing regulatory challenges. The
regulatory groundwork for AQbD dates back to
August 2002, when the U.S. FDA launched the
initiative “Pharmaceutical cGMPs for the 21st
Century: A Risk-Based Approach,” highlighting
the implementation of QbD principles and
encouraging  continuous  improvement  in
manufacturing processes. By 2005, the FDA
expected Chemistry, Manufacturing, and Controls
(CMC) submissions to align with a QbD-oriented
framework. These requirements were further
supported by international guidelines, including
ICH Q8 (R1) on pharmaceutical development,
ICH Q9 on quality risk management, and ICH Q10
on the pharmaceutical quality system. While ICH
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Q8 (R2) does not explicitly cover analytical design
space, its concepts—such as establishing design
space, applying risk-based approaches, and
pursuing continuous improvement—are widely
applied in analytical method development to
enhance method robustness (citation needed). [/l

In recent years, analytical method failures have
become more frequent, particularly during method
transfer and within quality control laboratories.
This is partly due to limited robustness testing
under ICH Q2, which provides flexibility during
method validation. The rise in FDA warning letters
related to quality control highlights the need for
more reliable and robust analytical methods. As a
result, integrating QbD principles into analytical
method development is increasingly recognized as
critical. According to Q10 guidance, analytical
methods are a key component of the overall
control strategy to ensure consistent product

quality. [7111]

Analytical Quality by Design: Tools

Analytical Quality by Design applies the QbD
principles to analytical method development,
facilitating the creation of methods that are
reliable, robust, and thoroughly characterized.
Unlike traditional approaches, AQbD is
systematic, science-driven, and focused on risk
management. A range of tools is utilized
throughout the AQbD process to develop,
validate, and maintain analytical
methods. These tools support a deeper
understanding of method performance, help
identify  critical factors, and guide the
implementation of control strategies to maintain
quality throughout the method’s

optimize,

consistent
lifecycle. 1]

1. Analytical Objective Profile:

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

The Analytical Objective Profile (AOP) serves as
the cornerstone of AQbD by defining the purpose
of an analytical method and the quality criteria it
must fulfill. It addresses the question: “What is the
intended goal of the method?” Essential
performance attributes outlined in the AOP
include  precision, accuracy, specificity
(LOD/LOQ), linearity, range, and robustness.
Defining the AOP at the beginning of method
development establishes clear targets, ensuring the
method is fit for its intended use and meets
regulatory requirements. It also provides guidance
for subsequent activities such as risk assessment,

method validation, and lifecycle management. [1°]

2. Risk Assessment Tools:

Risk assessment helps identify and prioritize
factors that could impact method performance,
allowing resources to be focused on the most
influential variables. Commonly used tools
include:

o Ishikawa (Fishbone) Diagrams: Visual
maps of potential factors affecting method
performance, categorized into areas such as
method, materials, instruments, environment,

analyst, and measurement.

e Failure Mode and Effects Analysis
(FMEA): Assesses possible failure scenarios
by analyzing their severity, likelithood of
occurrence, and detectability, producing Risk
Priority Numbers (RPNs) that highlight areas
requiring enhanced control or corrective
action.

o Risk Ranking and Filtering: Uses existing
knowledge, experimental data, and expert
assessment to sort and prioritize variables,
ultimately determining which factors qualify
as Critical Method Parameters and Critical
Method Attributes.
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These approaches reduce
experimentation and focus on factors that have a

meaningful impact on method performance. (']

unnecessary

3. Design of Experiments (DoE):

DoE is a key statistical tool in AQbD that studies
multiple variables simultaneously, providing a
systematic understanding of method behavior.
Benefits identifying critical factors,
understanding interactions, optimizing conditions

include

for accuracy and precision, and building predictive
models. Typical designs include:

e Screening Designs: Identify important
factors affecting method performance using
approaches  like  Plackett-Burman or

fractional factorial designs.

e Optimization Designs: Determine optimal
conditions for critical factors using designs
such as Central Composite or Box—Behnken.

e Response Surface Methodology (RSM):
Model responses and interactions between
variables to understand and predict method
behavior.

DoE supports defining the Method Operable
Design Region and ensures the method
consistently meets ATP requirements. (']

3. Method Operating Range:

The MODR represents the multidimensional
combination of Critical Method Parameters
(CMPs) in which the analytical procedure
consistently achieves the objectives defined in the
Analytical Target Profile (ATP). Essential aspects
include:

e Defining Parameter Ranges: Establishing
limits for method variables
consistent and reliable performance.

to ensure
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e Flexibility for Adjustments: Allowing
minor changes within defined ranges without

requiring regulatory re-approval.

e Supporting Robustness: Ensuring the
method tolerates small variations in critical
parameters without compromising quality.

MODR is established using DoE and other
analytical data, forming the foundation for method
control. 3]

5. Multivariate Analysis and Chemometric
Tools:

Analytical data can be complex, especially in
spectroscopic or chromatographic techniques.
Chemometric and multivariate tools extract
meaningful insights, understand variability, and
optimize method performance. Examples include:

e Principal Component Analysis (PCA):
Identifies patterns and correlations in complex
datasets to simplify data interpretation.

e Partial Least Squares (PLS): Models
relationships between input variables and
responses for predictive analysis.

e Multivariate Curve Resolution (MCR):
Separates overlapping signals in complex data
to clarify individual component contributions.

e Cluster Analysis: Groups samples based on
similarities  to  identify = patterns  or
classifications in data.

Applications include method optimization, peak
resolution, raw material classification, and
robustness evaluation. [°]

6. Control Strategy Tools:
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A strong control strategy ensures consistent 7. Method Validation Tools:
method performance during routine use. Tools

include: AQbD-driven validation leverages knowledge

gained during development to confirm that the
e System Suitability Tests (SSTs): These tests method meets ATP under normal operating
are performed before or during routine conditions. Validation may include:

analysis to verify that an analytical method is
operating correctly. They assess key  ® Accuracy and Precision Assessment:
Checking that the method provides results

close to the true value (accuracy) and

performance indicators such as resolution,
retention time, peak symmetry, and
sensitivity. SSTs help identify any deviations
in the method or instrument, ensuring
accurate, consistent, and reliable results
before sample testing.

produces consistent results upon repeated
measurements (precision).

e Linearity, Range, and  Sensitivity
Evaluation: Verifying that the method

e In-Process Monitoring and Controls: This produces proportional responses across the

involves continuous, real-time observation of intended concentration range and can detect

critical method parameters—such as flow and quantify the analyte at required levels.

rate, temperature, and pH—during analysis to
promptly detect deviations, maintain method
stability, and guarantee reproducible results.

e Specificity and Selectivity Testing:
Ensuring the method can measure the target
analyte accurately without interference from

e Instrument Performance  Tracking: other components in the sample.

Regularly monitoring analytical instruments
to ensure they operate correctly and
consistently, preventing errors that could

e Robustness Evaluation Using DoE:
Applying Design of Experiments to assess the
impact of minor changes in method
parameters on performance, ensuring the

e Predefined CMP Boundaries within method remains reliable under routine
MODR: Defining allowable ranges for conditions.
critical method parameters within the Method

affect results.

e System Suitability Verification: Conducting
routine checks (e.g., resolution, peak shape,
retention time) to confirm that the method and
instrument are functioning correctly before

Operable Design Region helps maintain
method robustness and ensures consistent
performance.

e Statistical Process Control (SPC) Charts: analysis.
Using control charts to monitor method
performance over time, detect trends or
deviations, and implement corrective actions
before results are compromised.

By integrating method understanding and risk
assessment upfront, validation becomes more
efficient and scientifically justified. !

. Lifecycle M Tools:
These tools detect deviations early, enabling 8. Lifecycle Management Tools

timely corrective actions. !
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Lifecycle management ensures methods remain
fit-for-purpose throughout their operational life.
Tools include:

Performance  Verification
(CPV): The regular monitoring of an
analytical method to confirm that it
consistently satisfies established performance
standards during everyday application.

e Continued

e Trend Analysis of Method Performance:
Tracking method results over time to identify
patterns, shifts, or drifts that could indicate
potential issues.

e Knowledge Management Systems: Storing
and organizing method development data, risk
assessments, and performance history to
support informed decision-making and
method improvements.

e Change Control Procedures for Method
Modifications: Established formal protocols
to manage and record method changes,
ensuring that any adjustments do not affect
quality or regulatory compliance.

e Periodic Review and Optimization Based
on New Data: Regularly evaluating method
performance and updating parameters or
procedures as needed to maintain robustness
and relevance.

These tools enable analytical methods to adjust to
changing conditions while still ensuring consistent
quality and regulatory compliance. [!*]

9. Regulatory Frameworks:

AQbD tools are applied in accordance with
regulatory expectations. Key frameworks include:

e ICH Q8 (R2) - Pharmaceutical
Development: Offers guidance on designing
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and developing pharmaceutical products and
processes using a science- and risk-based
methodology.

e ICH Q9 - Quality Risk Management:
Offers structured methods for recognizing,
evaluating, and mitigating risks that could
affect product quality throughout its entire
lifecycle.

e ICH Q10 - Pharmaceutical Quality
System: Establishes a framework for an
integrated quality system that incorporates
QbD  principles, promotes
improvement, and

continuous
supports  lifecycle

management.

e FDA PAT Guidelines — Process and
Analytical Control: Promotes the application
of Process Analytical Technology (PAT) to
monitor, manage, and maintain consistent
product quality across both manufacturing
and analytical operations.

e EFPIA and ATG Recommendations for
AQbD Implementation: Provide industry-
specific guidance on applying QbD principles
to  analytical method  development,
emphasizing robust, reliable, and regulatory-
compliant methods.

Regulatory tools support scientific justification of
method parameters, MODR, and control
strategies, enabling regulatory flexibility and

acceptance. 416

Analytical Case

Studies

Quality through Design:

Analytical Quality through Design offers a
structured, science driven, and risk based approach
for developing analytical methods that are robust,
dependable, and consistently meet pre-established
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performance criteria. In recent years, its use has
expanded across pharmaceutical research and
quality control settings to build methods that are
efficient, reproducible, and aligned with
regulatory expectations. The case studies below
illustrate real-world applications of AQbD across
various analytical techniques, demonstrating how
elements such as risk assessment, Design of
Experiments, establishment of a Method Operable
Design  Region, and ongoing lifecycle
management enhance method performance and
overall reliability. (78I

Case Study 1: HPLC Technique for
Simultaneous Quantification of Drugs

Objective: To establish a stability-indicating
HPLC technique that can concurrently quantify
multiple active pharmaceutical ingredients (APIs)
in a combination formulation, while efficiently
resolving them from excipients and potential
degradation products.

AQbD Implementation:

e ATP: Ensure accurate, precise, and robust
quantification of APIs; resolve degradation
products with acceptable resolution (>1.5)
and symmetrical peaks.

e Risk Assessment: Techniques like Ishikawa
diagrams and FMEA were utilized to identify
key variables, including column temperature,
flow rate, injection volume, mobile phase pH,
and the ratio of organic solvent.

e Design of Experiments (DoE): A Central
Composite Design (CCD) was implemented
to evaluate how mobile phase pH and solvent
composition influence retention time and peak
resolution.
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e MODR: Established multidimensional ranges
for critical parameters, ensuring method
robustness.

e Outcome: Excellent separation of APIs and
degradation products, flexible design space
for minor adjustments, and reduced method
failures during routine analysis.

Case Study 2: RP-HPLC Method for Forced
Degradation Analysis

Objective: To develop a reversed-phase HPLC
method for detecting and measuring degradation
products formed under various stress conditions,
such as acidic, basic, oxidative, thermal, and
photolytic stress.

AQbD Implementation:

e Analytical Target Profile (ATP): Ensure the
drug can be selectively identified and
quantified even when degradation products
are present, while maintaining method
linearity, accuracy, and precision.

e Risk Assessment: Plackett-Burman design
used to screen critical factors such as pH,
buffer type, column length, and flow rate.

e DoE: Box—Behnken Design (BBD) optimized
critical variables for peak resolution, retention
time, and tailing factor.

e MODR: Defined pH, buffer concentration,
and flow rate ranges to ensure method
robustness.

e Outcome: Successful separation of parent
drug and degradation products, improved
method transferability, and facilitated
regulatory acceptance.
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Case Study 3: LC-MS/MS Technique for
Plasma Drug Analysis

Objective: To develop an LC-MS/MS-based
bioanalytical approach for precise measurement of

drug concentrations in plasma, facilitating
pharmacokinetic assessments and bioequivalence
studies.

AQbD Implementation:

e ATP: Ensure sensitivity and selectivity to

detect low plasma concentrations, with
reproducible accuracy and precision.
e Risk Assessment: FMEA was used to

determine critical factors, including the
selection of extraction solvent, mobile phase
composition, ionization parameters, and flow
rate.

e Design of Experiments (DoE): Initial

screening was conducted using a fractional

factorial design, followed by a Central

Composite Design to optimize ionization

conditions, solvent proportions, and flow rate.

e MODR: Established design space to maintain
consistent signal-to-noise ratio and analyte
response.

e Outcome: High sensitivity and
reproducibility, smooth method transfer, and
strong scientific justification for regulatory

submission.

Case Study 4: UV-Visible Spectrophotometric
Method

Objective: To develop a UV-Visible
spectrophotometric  technique  for  precise
quantification of a single active pharmaceutical
ingredient (API) in tablet formulations.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

AQbD Implementation:

e ATP: Achieve reproducible and accurate
absorbance measurements in the presence of
excipients.

e Risk  Assessment: Identified critical
parameters such as wavelength, solvent, and
sample using
diagrams and expert input.

concentration Ishikawa

e DoE: Full factorial design examined the
effects of wavelength, solvent type, and
concentration on absorbance and linearity.

e MODR: Defined wavelength and
concentration ranges to ensure robust
performance.

¢ Outcome: Method demonstrated robustness to
minor variations, reduced routine analysis
failures, and illustrated AQbD application in
simple analytical techniques.

Case Study 5:
Method

Capillary Electrophoresis

Objective: To create a capillary electrophoresis
method capable of simultaneously measuring
multiple active pharmaceutical ingredients (APIs)
within a combined dosage form.

AQbD Implementation:

e ATP: Achieve high resolution and

reproducibility for all components.

e Risk Assessment: Identified critical factors
such as buffer concentration, pH, voltage, and
capillary temperature.

e DoE: Central Composite Design optimized
separation, migration time, and resolution.
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e MODR: Defined voltage, buffer
concentration, and temperature ranges for
robust performance.

e Outcome: Consistent resolution of APIs with
precision, flexibility within MODR, and
improved reproducibility during method
transfer and routine analysis.

Key Insights from AQbD Case Studies:

e Systematic Understanding of Method
Variables: Risk assessment and DoE provide
detailed knowledge of method behavior,
reducing trial-and-error experimentation.

e Robust and Reliable Methods: MODR
ensures consistent performance under normal
variations, minimizing routine failures.

e Regulatory Flexibility: Defined design space
allows minor adjustments without additional
regulatory approval.

e Efficient Method Development: Focusing on
critical factors reduces development time and
resource consumption.

Lifecycle Management: Continuous
monitoring and knowledge management
enable method adaptation, improvement, and
long-term sustainability. (1911

CONCLUSION:

Analytical Quality through Design offers a
scientific, structured, and risk-based framework
for creating analytical methods that are both robust
and reliable. The approach begins with
establishing the Analytical Target Profile,
followed by systematic risk evaluation and the use
of tools such as DoE, defining the MODR, and
implementing continuous controls strategies.
Evidence from various case studies indicates that
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AQbD based methods provide improved accuracy,
precision, and robustness compared to traditional
method development. In AQbD
strengthens method understanding, minimizes

summary,

variability, and supports effective lifecycle
management, ensuring consistent and high quality
results. ]
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