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Quality by Design represents a methodical and scientific strategy in pharmaceutical development,
emphasizing the integration of quality into products from the outset instead of depending exclusively
on testing the final product. This article highlights the key principles of Quality by Design (QbD), which
include creating a Quality Target Product Profile (QTPP) and identifying Critical Quality Attributes
(CQAs) and using risk assessment tools to ensure product consistency and safety. It also emphasizesthe
significance of Critical Material Attributes (CMAs) and Critical Process Parameters (CPPs) in affecting
product quality. Advanced techniques such as Design of Experiments (DoE) and Process Analytical
Technology (PAT) are discussed to optimize formulations and assist real-time observation throughout
the manufacturing process. The concept of design space along with the formulation of efficient control
strategies are highlighted as essential components for attaining regulatory flexibility and reliable
processes. Additionally, the article examines the utilization of Quality by Design (QbD) in product
development and manufacturing, analytical method development, and lifecycle management. Overall,
QbD enhances product quality, reduces variability, minimizes failures, and supports continuous
improvement, making it a vital approach in modern pharmaceutical industries.
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1. INTRODUCTION

Quality by Design (QbD) represents a methodical strategy in
pharmaceutical development that initiates with clearly defined
objectives and prioritizes the comprehension and regulation of
both product and process, grounded in robust scientific
principles and effective quality risk management [1-2]. It
utilizes tools such as QTPP, CQAs, risk analysis, DoE, design
space, PAT, and control strategy.

An essential component of Quality by Design (QbD) involves
recognizing the elements that affect product quality, including
Critical Quality Attributes (CQAs), Critical Material Attributes
(CMAs), and Critical Process Parameters (CPPs) [3-4]. By
understanding how these variables interact, researchers can
design robust processes that minimize variability and enhance
product performance. The utilization of tools such as Design of
Experiments (DoE) and Process Analytical Technology (PAT)
enhances optimization and facilitates real-time monitoring,
thereby ensuring improved control over manufacturing results.
In addition to improving product quality, QbD offers several
advantages in terms of regulatory compliance and operational
efficiency. Regulatory authorities encourage its adoption as it
provides a scientific basis for decision-making and allows
flexibility within an established design space. This approach
also facilitates continuous improvement throughout the
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product lifecycle, making it highly relevant in the context of
modern pharmaceutical development [5-6].

This review article seeks to deliver an extensive summary of
the principles, tools, and applications of Quality by Design
(QbD) within the pharmaceutical sector. It emphasizes the
significance of implementing a systematic methodology to
ensure consistent product quality, reduce risks, and improve
overall process comprehension [7-8].
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Figure 01: - Elements of QbD
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Key features are

e  Established goals (target product profile)

e  Comprehension of the process and formulation

e  Recognition of critical quality attributes (CQAs)

e  Evaluation and management of risks

e  C(Creation of design space

e  Strategy for control

e  Ongoing enhancement throughout the product lifecycle [9]

2. LITERATURE SEARCH STRATEGY & SELECTION
CRITERIA

A structured literature search was performed using databases
such as PubMed, Google Scholar, Scopus to identify studies
related to Quality by Design. Keywords including “QbD”,
“Pharmaceutical Development”’, “Drug Product Quality”,
“Quality Rik Management” were used. Articles published
between 2013 to 2025 were considered. Relevant peer-
reviewed research articles and reviews focusing on QbD
approaches, uses, applications, steps involved were included,
while duplicate records and unrelated studies were excluded.

3. APPROACHES OF QbD
3.1. Target Product Profile
It describes the intended use, safety, and efficacy of the drug
product
e Comprises the dosage form, strength, route of
administration, and therapeutic goals
e [tacts as the foundation for product development [9]
3.2 Identify Critical Quality Attributes
e  (ritical Quality Attributes (CQAs) encompass physical,
chemical, biological, or microbiological characteristics that
require regulation [10]
e Ensures that the product adheres to the required quality
standards.
3.1. Risk Assessment
e Identifies potential risks affecting product quality
[11].
e Tools used
=  Failure mode and effects analysis
= Ishikawa (Fishbone) diagram
=  Hazard Analysis and Critical Control Point
e Helps prioritize critical factors
3.2. Identify Critical Material Attributes & Critical Process

Parameters

e  CMAs:- properties of raw materials (e.g.: particle size
purity)

e  CPPs:- process variables (e.g. Temperature, mixing
time)

e  These factors directly influence CQAs [12-13].
3.3. Design of Experiments (DoE)
e A statistical technique to study the effect of multiple
variables
e Helps in: optimization of formulation &
Understanding interactions [14].
e Types: - factorial design and response surface design
3.4. Establish design space
e  Characterized as a multidimensional spectrum of factors
that guarantees product quality [15].

Journal of Innovations in Applied Pharmaceutical Sciences

e Functioning within this domain ensures reliable
performance

e  Offers regulatory adaptability

3.5. Process Analytical Technology

e Continuous observation of critical quality and process
parameters [16].

e Ensures quality throughout the manufacturing process
rather than solely post-production

e Aids in minimizing defects and enhancing efficiency

3.6. Control Strategy

e Planned a set of controls to maintain product quality [17].

e [t includes: - raw materials, in-process controls, finished
product testing

3.7. Product Lifecycle Management

e Continuous monitoring and improvement throughout
product life

e Itincludes: - change management,

e  CAPA (Corrective Action and Preventive Action) [18].

e  Ensures long-term quality and performance

3.8. Continuous Improvement

e Data collected during manufacturing is used to improve
productivity enhancement and product quality [19].

e  Ensures robust and reliable pharmaceutical products
USES OF QbD IN PHARMACEUTICAL INDUSTRY

3.1. Ensures consistent product quality
QbD helps in developing pharmaceutical products with
consistent and reproducible quality

e By identifying and controlling CQAs, the variability in
product performance is minimized [20].

e  Ensures uniformity in properties like dissolution, content
uniformity, and stability [21].

3.2. QbD provides a deep understanding

=  Relationship between formulation variables and product
quality

= Impact of process parameters on final output

=  This scientific understanding helps in designing robust
and reliable manufacturing processes

3.3. Reduction in batch failures and rejections
Traditional methods depend on end product testing, which
may lead to batch rejection [22].

=  (QbD minimizes failures by: -

= Identifying risks easily

=  Controlling critical variable

3.4. Effective risk management

QbD incorporates Quality Risk Management (QRM) principles:

o Identifies potential risks affecting quality

Uses tools like :-

Failure mode and effects analysis

Ishikawa (fishbone) diagram

Hazard analysis and critical control points

vV VY ®

o This ensures proactive risk control rather than reactive
control [23].
3.5. Optimization of formulation & Manufacturing process
e QbD uses Design of Experiments to: -
» Examine various factors concurrently
» Optimize formulation composition & process [24].
e  Results in improved efficiency & product performance
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3.6. Establishment of design space
e The design space encompasses the range of process
parameters and material characteristics that guarantee
product quality.
e Benefits: -
» Flexibility in manufacturing
» Ability to make changes without regulatory approval
e Ensures consistent product output
3.7. Application of Process Analytical Technology
e PAT allows real-time monitoring & control of
manufacturing processes [24].
e Helpsin:
» Detecting variations instantly
» Ensuring quality during production
e Reduces dependence on final product testing
3.8. Regulatory advantages
e Regulatory agencies like ICH & USFDA encourage QbD
approach [26].
e Leadsto: -
» Faster approval of drug applications
» Reduced regulatory queries
» Easier handling of post-approval changes
e  Makes the regulatory process more science & risk based
3.9. Reduction in cost & time
e  Minimizes product recalls, batch failures, and wastage of
materials.
e Improves manufacturing efficiency & resource utilization
e Ultimately reduces production cost & development time
27].
3.10. Life cycle management & Continuous
improvement
e (QbD supports continuous monitoring throughout the
product lifecycle [28].
e Data collected during manufacturing is analyzed
e  Used for:
» Process improvement
» Corrective & preventive actions (CAPA)
e Ensures sustained product quality over time
3.11. Improved manufacturing robustness

QbD helps develop robust processes that can tolerate
small variations [29].
e Ensures stable performance even under variable
conditions
3.12. Better customer safety & satisfaction
e Ensures delivery of safe, effective, & high-quality
medicines
e  Reduces chances of product defects & therapeutic failure
3. APPLICATIONS
3.1. Pharmaceutical Product Development
Quality by Design (QbD) is employed to guarantee that a
pharmaceutical product achieves defined clinical performance
objectives by recognizing and managing variables at an early
stage [30]. Formulation Optimization: Identifying the Quality
Target Product Profile to define desired drug characteristics
(e.g., dosage form, stability) [31]. Design of Experiments: Using
statistical tools to study multiple factors simultaneously,
reducing the number of trial-and-error experiments by 30-50%.
Risk Assessment: Utilizing tools like Ishikawa (Fishbone)
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diagrams and FMEA (Failure Mode and Effects Analysis) to
prioritize critical material attributes (CMAs) like particle size or
excipient type.
3.2. Manufacturing and Process Control
e  QbD transforms manufacturing from "fixed" to "flexible"
processes within a defined Design Space. (Lee et al,,2022)
e Process Understanding: Identifying Critical Process

Parameters-temperature, stirring speed, or
homogenization time-that significantly impact final
quality.

e Continuous  Manufacturing: Supporting  real-time
adjustments and monitoring through Process Analytical
Technology (PAT), which uses sensors like NIR or Raman
spectroscopy.

e Scale-Up and Tech Transfer: Establishing science-based
operating ranges that make transitioning from lab-scale to
commercial-scale production more predictable, reducing
batch failures by up to 40%.

3.3. Analytical Method Development (AQbD)

Applying QbD to laboratory testing (Analytical Quality by
Design) ensures that methods are robust and reliable
throughout their lifecycle.

e  Chromatographic Methods: Optimizing HPLC and GC
methods by defining an Analytical Target Profile (ATP) to
ensure accurate quantification of compounds.

e Real-Time Release Testing: Enabling the release of batches
relying on ongoing data instead of postponing for
extensive final product evaluations.

3.4. Specialized Delivery Systems
QbD is increasingly applied to complex and modern drug
delivery platforms [32].

e Nano-pharmaceuticals: Precise control of particle size,
zeta potential, and drug loading in liposomes,
nanoparticles, and nanosuspensions.

e  Biopharmaceuticals: Managing variability in fermentation,
purification, and cell culture conditions to ensure
consistent protein stability and yield.

3.5. Regulatory and Business Benefits

e Regulatory Flexibility: Manufacturers can implement
process improvements within the approved design space
without requiring new regulatory filings for each change
[33].

e  Costand Waste Reduction: Minimizing out-of-specification
(00S) batches and rework, leading to faster time-to-
market and lower production costs.

3.6. Generic drug development (ANDA)

Demonstrating equivalence, robustness & consistent

performance of generic drugs to regulatory bodies, often

reducing review times [34].

3.7. Analytical method development

Designing robust testing methods. e.g.: HPLC, which are fit for

purpose, minimizing the need for method revalidation [35].

Manufacturing Efficiency

Reduces wastage and rework Improves productivity Ensures

cost-effective production [36].
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3.8. Dissolution & Drug release optimization

QbD helps in improving drug release profiles. Controls

dissolution rate (important for tablets like extended-release

forms) ensures consistent therapeutic effect [37].

5.10 Continuous improvement

In Pharma Industry Ongoing monitoring and process

improvement Reduces production cost and increases efficiency

Supports lifecycle management of drugs [38].

5.11 Scale-up & Technology transfer helps in transferring

process from lab in industry

Maintains product quality during large-scale production [39].

5.12 Regulatory compliance

Supported by US Food and Drug Administration (USFDA) and

International Council for Harmonization (ICH) provides strong

scientific data for approvals allows flexibility within design

space [40].

STEPS

3.10. Establish the Analytical Target Profile

This is where you define what your analytical method will
accomplish. This step establishes the key elements that define
your methods' requirements [41].

These include:

The purpose of the method (i.e. what you are measuring and
why); and, the performance criteria of your method including;
accuracy, precision, sensitivity, specificity, etc.

33.10. Risk Assessment

Risk assessments identify the most likely variables that could
affect your analytical methods ability to perform at its best.
Variables identified through a risk assessment can then be
assigned priority based on their likelihood of occurrence [41].
Failure Mode and Effects Analysis (FMEA) allow you to
determine which risks need to be mitigated first.

3.10. Establish Critical Quality Attributes & Critical Method

Parameters

e (ritical Quality Attributes are those aspects of your
analytical method that MUST be controlled to ensure that
you produce high-quality data [42]. Examples of these
attributes include: retention time; resolution; etc.

e  (ritical Method Parameters (CMP) are factors that can
potentially effect CQA. These include: pH; temperature;
flow rates; etc.

3.10.Design of Experiments (DoE)

. Design of Experiments is a structured way of performing
experiments. In this case it involves:

o Identifying variables: select the variables that have been
determined to pose a risk to your analytical methods
performance, based on the prior risk assessment [43-49].

o Designing an experimental matrix: organize your
experiments so that you can evaluate how the interaction
between variables affects CQAs.

e  Evaluating data: use statistical methods to assess how
each variable impacts each CQA.

3.10. Development & Optimization of Your Method

. Use the information obtained from DoE to refine and
improve your analytical method emphasize-

o Robustness: verify that your analytical method produces
consistent results over different conditions.
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e  accuracy and precision: confirm whether your analytical
method accurately measures concentrations of analyte(s)
[50-55].

3.10.Validation of Your Method

. Validation ensures that your analytical method meets all
the specifications outlined by the ATP. The minimum
required validations include:

. Linearity: demonstrate that the output from your method
is linearly related to the input (concentration of
analyte(s).

. Precision: confirm that repeated analyses under constant
conditions give similar results.

e  Accuracy: validate that measured values are close to the
true values.

. Specificity: confirm that your analytical method can
selectively measure analyte(s) in the presence of other
substances.

. Sensitivity: establish the limits of detection and
quantitation [59-58].

6.7 Ongoing monitoring & Enhancement

Once the method has been validated and implemented,

continuous monitoring is crucial. Gather data to guarantee

sustained compliance with the ATP and implement
improvements as needed.

| Establish the Analytical Target Profile |

L 4

| Risk Assessment |

2

| Define ch& CMP |

L 4

l Design of Experiments |

L 4

| Method Development & Optimization |

L 4

| Method Validation |

L 4

l Monitoring and Enhancement |

Figure 02: Steps involved in QbD [59]

4. CONCLUSION

Quality by Design embodies a contemporary and methodical
strategy for pharmaceutical development, integrating quality
into the product from the outset instead of evaluating it solely
at the conclusion. By identifying and controlling key factors
such as Critical Quality Attributes (CQAs), Critical Material
Attributes (CMAs), and Critical Process Parameters (CPPs),
QbD ensures consistent product quality and minimize
variability in manufacturing.
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The application of scientific tools like Design of Experiments
Analytical Technology better
understanding, optimization, and real-time monitoring of
processes. This not only improves efficiency but also minimizes
the chances of batch failures and product recalls. Additionally,
the concept of design space and control strategy provides
flexibility in operations while
compliance.

Overall, QbD enhances product reliability, supports continuous
improvement, and aligns with current regulatory expectations.
Its adoption plays an essential function in providing secure,
efficient, and high-quality pharmaceutical products, making it
an essential approach in the evolving pharmaceutical industry.

and Process enables

maintaining regulatory
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