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Abstract

Quality by Design (QbD) is a systematic, science- and risk-based approach to
pharmaceutical development that emphasizes designing quality into products rather than
relying solely on end-product testing. Risk assessment is a fundamental component of the
QbD framework and plays a decisive role in identifying, analyzing, and controlling sources
of variability that may impact product quality. Oral solid dosage forms (OSDFs), such as
tablets and capsules, involve complex interactions between formulation components and
manufacturing processes, making them particularly sensitive to material and process-related
risks. This review comprehensively discusses the application of risk assessment within the
QbD framework for OSDFs, including regulatory expectations, quality risk management
principles, critical quality attributes, commonly used risk assessment tools, formulation and
process risks, control strategies, and lifecycle management. The integration of structured
risk assessment with QbD enhances process robustness, regulatory flexibility, and patient
safety.
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1. Introduction

Oral solid dosage forms represent the most widely used pharmaceutical dosage forms owing
to their convenience, patient compliance, stability, and economic manufacturing advantages
[1,2]. Despite these benefits, ensuring consistent quality of OSDFs is challenging due to the
inherent complexity of formulation components and the multistep nature of manufacturing
processes [3].

Traditionally, pharmaceutical development relied on empirical approaches and extensive
end-product testing to assure quality. This “quality by testing” strategy often resulted in
limited process understanding and frequent batch failures [4]. To overcome these
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limitations, regulatory authorities have promoted the adoption of Quality by Design, a
systematic approach that integrates scientific knowledge and quality risk management into
pharmaceutical development [5].

The QbD concept has been formalized through guidelines issued by the International
Council for Harmonisation, particularly ICH Q8, ICH Q9, and ICH Q10 [6-8]. Among
these, risk assessment serves as the backbone for identifying critical variables and ensuring
robust product quality throughout the lifecycle.

2. Concept of Quality by Design (QbD)

Quality by Design is defined as a systematic approach to pharmaceutical development that
begins with predefined objectives and emphasizes product and process understanding based
on sound science and quality risk management [6]. The core principle of QbD is that quality
should be proactively built into the product rather than tested into it.

2.1 Key Elements of QbD

The QbD framework consists of interrelated elements that collectively ensure product
quality:

«Quality Target Product Profile (QTPP): A prospective summary of desired quality
characteristics of the finished dosage form, including dosage strength, release
characteristics, and stability [6].

«Critical Quality Attributes (CQASs): Physical, chemical, biological, or microbiological
attributes that must be controlled to ensure product quality.

Critical Material Attributes (CMASs): Properties of raw materials, including API and
excipients, that influence CQAs.

«Critical Process Parameters (CPPs): Process variables that have a direct and significant
impact on CQA:s.

*Design Space: The multidimensional combination of CMAs and CPPs that assures product
quality.

«Control Strategy: A planned set of controls derived from product and process
understanding.

Risk assessment provides the scientific rationale for identifying CQAs, CMAs, and CPPs
and for establishing an appropriate control strategy.
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3. Importance of Risk Assessment in QbD

Risk assessment is a structured process used to identify potential hazards and evaluate the
likelihood and severity of their impact on product quality [7]. Within the QbD framework,
risk assessment enables efficient prioritization of variables that require detailed
investigation.

The main objectives of risk assessment in pharmaceutical QbD include:
eldentification of sources of variability that may affect CQAs
*Prioritization of formulation and process variables
Rational design of experimental studies
*Reduction in development time and cost

*Enhancement of process robustness and reproducibility [9,10]

For OSDFs, risk assessment is particularly important due to the cumulative impact of
multiple unit operations on final product quality.

4. Quality Risk Management Framework

Quality risk management, as described in ICH QO9, is a systematic process comprising risk
identification, risk analysis, and risk evaluation, followed by risk control and review [7].

4.1 Risk Identification

Risk identification involves systematic recognition of potential factors that may adversely
affect product quality. For OSDFs, these may include:

*API physicochemical properties
*Excipient variability
*Equipment design and scale

*Environmental conditions such as temperature and humidity [11]

4.2 Risk Analysis

Risk analysis involves estimating the probability of occurrence and severity of each
identified risk. Depending on data availability, qualitative or semi-quantitative approaches
may be employed [12].
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4.3 Risk Evaluation

Risk evaluation compares analyzed risks against predefined acceptance criteria to determine
whether risk reduction measures are required.

5. Critical Quality Attributes (CQASs) for Oral Solid Dosage Forms

Critical Quality Attributes are measurable properties that must be controlled to ensure the
desired quality, safety, and efficacy of the drug product [6].

Common CQAs for OSDFs

«Assay and content uniformity
Dissolution and drug release profile
+Disintegration time

*Tablet hardness and friability
*Moisture content

«Stability and impurity profile [13,14]

Identification of CQAs forms the basis for subsequent risk assessment and experimental
design.

6. Risk Assessment Tools Used in QbD

Step 1 — Assembling a team to conduct FMEA

!

Step 2 — Mapping the processes and sub processes of the dispensing process by

team members

Step 3 - Brainstorming by team members to identify potential failure modes at

each sub process level, their effects and causes
Step 4 ~ Giving a numerical value (scoring) for the severity, frequency and
detectability of each failure mode according to guidelines and calculating the Risk

Priority Number (RPN) by team members

Step 5 — Suggesting corrective actions for selected failure modes by team members
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6.1 Failure Mode and Effects Analysis (FMEA)

FMEA is one of the most widely used tools in pharmaceutical risk assessment. It evaluates
potential failure modes, their causes, and their effects on product quality. Risks are scored
based on severity, occurrence, and detectability to generate a Risk Priority Number (RPN)
[15].

6.2 Ishikawa (Fishbone) Diagram

Ishikawa diagrams facilitate comprehensive identification of potential risk factors by
categorizing them under materials, methods, machines, manpower, measurement, and
environment [16].

6.3 Hazard Analysis and Critical Control Points (HACCP)

HACCP identifies critical control points within manufacturing processes where control is
essential to prevent quality failures [17].

6.4 Risk Ranking and Filtering

This tool is useful during early development stages to prioritize numerous variables when
experimental data are limited.

7. Risk Assessment in Formulation Development of OSDFs

7.1 API-Related Risks

API characteristics such as particle size distribution, polymorphism, solubility, flowability,
and hygroscopicity can significantly influence blend uniformity, dissolution behavior, and
stability [18].

7.2 Excipient-Related Risks

Excipients play functional roles in OSDFs, and variability in their properties can affect
CQAs. For example, binder concentration influences tablet hardness and disintegration,
while lubricant level can impact dissolution and content uniformity [19].

7.3 Blend Uniformity Risks

Segregation caused by differences in particle size, density, or shape may result in content
non-uniformity, particularly in low-dose formulations [20].
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8. Risk Assessment in Manufacturing Processes
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8.1 Granulation Process

Key risks include binder addition rate, granule moisture content, and drying conditions, all
of which influence granule strength and compressibility [21].

8.2 Compression Process

Compression force, dwell time, and tooling design are critical process parameters affecting
tablet hardness, friability, and dissolution [22].

8.3 Coating Process

Coating-related risks involve spray rate, inlet air temperature, and pan speed, which can
influence coating uniformity and drug release characteristics [23].

9. Risk Control Strategies

Risk control involves reducing or eliminating identified risks through formulation
optimization, establishment of design space, implementation of Process Analytical
Technology (PAT), and robust in-process controls [24].
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10. Lifecycle Management and Continuous Improvement

Risk assessment is a dynamic process that continues throughout the product lifecycle.
Continuous monitoring of process performance and quality trends supports ongoing risk
review, change management, and continual improvement [25].

11. Regulatory Perspective

Regulatory agencies encourage QbD-based submissions as they demonstrate enhanced
understanding of product and process variability. A well-documented risk assessment
supports regulatory confidence and provides flexibility for post-approval changes within the
approved design space [26].

12. Future Perspectives

Advances in data analytics, modeling, artificial intelligence, and real-time monitoring tools
are expected to strengthen risk-based QbD approaches, enabling predictive risk assessment
and improved control of OSDF manufacturing processes [27].

13. Conclusion

Risk assessment is the cornerstone of the Quality by Design approach for oral solid dosage
forms. Systematic identification, analysis, and control of formulation and process-related
risks ensure consistent product quality, regulatory compliance, and improved patient
outcomes. Integration of structured risk assessment tools within the QbD framework
represents a robust and sustainable strategy for modern pharmaceutical development.
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