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Abstract

Quality by Design (QbD) has become a fundamental paradigm in modern biopharmaceutical manufacturing by integrating quality
assurance throughout the entire product lifecycle rather than relying solely on end-product testing. This systematic approach emphasizes
scientific process understanding, risk-based decision making, and continuous process improvement to ensure consistent product quality
and regulatory compliance. This paper examines the application of QbD principles in upstream and integrated bioprocess development,
with particular emphasis on establishing robust manufacturing processes through structured risk assessment and data-driven optimization.
The framework focuses on the identification and evaluation of Critical Quality Attributes (CQAs) and Critical Process Parameters (CPPs)
using formal risk management methodologies to determine the factors that most significantly influence product quality. Experimental
Design (Design of Experiments, DoE), multivariate statistical analysis, and advanced process analytical technologies are integrated to
characterize process behavior, optimize operating conditions, and define reliable design spaces that support process robustness and
scalability. In addition, real-time process monitoring and online measurement technologies enable proactive process control, early deviation
detection, and continuous verification of manufacturing performance throughout production. The study further discusses how QbD
facilitates lifecycle management by supporting adaptive process optimization, knowledge management, and continuous improvement while
meeting evolving regulatory expectations established by international agencies. Particular attention is given to the implementation of Real-
Time Release Testing (RTRT) and Continuous Process Verification (CPV) as essential components of modern quality systems that reduce
testing delays and improve manufacturing efficiency. The findings demonstrate that QbD provides a comprehensive engineering and quality
management framework for developing reproducible, scalable, and compliant biopharmaceutical manufacturing processes. By integrating
scientific knowledge, statistical methodologies, risk assessment, and continuous monitoring, QbD enhances product consistency,
operational reliability, regulatory compliance, and long-term manufacturing sustainability across the entire bioprocess lifecycle.
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1. Introduction

Biopharmaceuticals represent an area of significant challenges since the process of developing such products is rather complicated [1].
Biological processes can be affected by various parameters, which include, among others, properties of the cells used, culturing conditions,
and environmental factors [2]. Due to the nature of biological processes, they exhibit nonlinear behavior, which complicates their study
and application. Thus, it is necessary not only to test biopharmaceuticals upon completion but also to develop a specific methodology for
embedding the principles of quality at each phase of production [3].

Traditionally, the manufacturing of drugs involved a variety of empirical approaches and end-product testing techniques [4]. While these
approaches could ensure some quality of the final products, they lacked information on the mechanism of action of the process under
consideration. Moreover, end-product testing did not reveal flaws until production had been completed, making further scaling and process
modifications complicated. In the context of contemporary manufacturing of biopharmaceuticals, empirical approaches have little use [5].
Quality by Design (QbD) is a revolution in the bioprocess development world, where the key emphasis is not merely on product verification
but rather on process validation and designing the quality into the process right from its inception [6]. This approach involves scientific
knowledge, risk assessment, and data-driven decisions to ensure robustness, reproducibility, and scalability of processes [3][7]. The concept
of QbD is based on the principle of CQA and CPP, which are integral parts of the process design. Critical Quality Attributes (CQA) are
those characteristics of the product that have to be controlled to ensure the safety and efficacy of the product, while Critical Process
Parameters (CPPs) affect the CQA [8].

The significance of critical quality attributes (CQAs) and critical process parameters (CPPs) is in their function as the basis for process
understanding [9]. For example, the structural composition, glycosylation profile, and functionality of a protein can be considered CQAs.
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In contrast, process parameters, such as pH, temperature, and nutrient feed rate, can be considered CPPs that affect these properties.
Correlating CPPs and CQAs would enable process engineers to come up with control mechanisms that guarantee the quality of products
[10]. Design space is another concept that is associated with QbD. It is described as a multidimensional area in which various input factors
ensure product quality. The ability to operate in design space gives more freedom for the process development team to change some factors
during manufacturing without any need for additional approval from regulatory bodies [11]. Biopharmaceutical developers can use this
advantage, as processes need to be modified based on current circumstances.

The adoption of QbD in bioprocess development involves a cross-disciplinary effort among scientists, engineers, and regulatory experts
[12]. The scientists will provide scientific insight, the engineers will develop processes, and the regulatory personnel will ensure compliance
with the standards. Such an effort makes sure that the QbD framework is both scientifically sound and practical [13]. For example,
measuring technologies for upstream and downstream bioprocessing will provide the data required to identify CQAs and CPPs, respectively
[14][15]. Beyond the process design aspects, applying QbD offers strategic benefits in terms of regulatory involvement. The regulatory
authorities fully endorse the concept of QbD and its potential to improve product quality and safety. Through process understanding, QbD
can be applied to simplify regulatory submissions and enable real-time release [16]. Such features make QbD application not only scientific
but also regulatory.

2. Literature Review

QbD is highly endorsed by international regulatory organizations due to its function as a critical component of modern drug development
[17]. There are several sets of regulatory guidelines issued by the International Council for Harmonization (ICH) on QbD, including ICH
Q8 on pharmaceutical development, ICH Q9 on quality risk management, and ICH Q10 on pharmaceutical quality systems. All these
regulations lay the foundation for the application of QbD, which combines scientific knowledge, risk assessment, and product lifecycle
management into bioprocess design [18]. The concept of design space was introduced in ICH Q8. Design space is the multidimensional
region of input variables within which product quality is assured. According to this concept, identifying critical process parameters (CPPs)
and their interactions with CQAs is recommended. In addition, working in the design space offers flexibility, allowing adjustment of
process parameters without additional regulatory approval. Such an advantage is very important for innovation, as it allows changing the
process at the stage of scaling up or transferring the technology while staying within regulatory requirements.

Table 1. Regulatory Guidelines Supporting Quality by Design Implementation [19]

Guideline Focus Area Key Components Relevance to QbD Practical Impact
. Design space, process Defines structured Enables flexible
Pharmaceutical . . . o
ICH Q8 understanding, formulation development based on operation within
Development .
development scientific knowledge approved ranges
Quality Risk Risk identification, Supports prioritization of Enhances process
ICH Q9 Y evaluation, and control critical risks affecting robustness and reduces
Management . .
strategies CQAs failures
. Lifecycle management, Integrates QbD across Ensures long-term
Pharmaceutical . . .
ICH Q10 Quality System continuous improvement, development and consistency and
¥ oY CPV manufacturing stages compliance
RTRT Real-Time Release Process monitoring, Reduces reliance on end- Accelerates product
Framework Testing predictive analytics product testing release timelines

In accordance with ICH Q9, risk assessment is to be carried out using methods like FMEA (Failure Modes and Effects Analysis) and
HACCP (Hazard Analysis and Critical Control Points) [20]. The application of such approaches enables manufacturers to assess and
prioritize any potential risks associated with their products. Risk assessment goes beyond identifying risks; it also involves evaluating the
likelihood of their occurrence and the magnitude of their impact. This would ensure that the manufacturer focuses on the most important
risks and makes processes robust. The ICH Q10 guideline concerns the pharmaceutical quality system, including its life-cycle management,
continuous improvement, and integration across the development and manufacturing stages. One of the critical aspects in the guideline is
the need to keep processes within the design space set for them throughout their life cycles. CPV is an important aspect of the ICH Q10
guideline and involves the continuous evaluation of process data to ensure consistency and compliance with process performance.

The regulatory strategy under QbD includes a proactive approach to interactions with the regulatory authorities [21]. Unlike the
conventional submission, often viewed as an immovable document, QbD suggests using advanced process knowledge to enable more
efficient, flexible submissions. By demonstrating structured knowledge of CQAs, CPPs, and the design space, manufacturers can negotiate
more efficient approaches to gaining approval, helping avoid post-approval revisions and adopting technologies such as real-time release
testing. With the use of RTRT, products can be released during production based on process measurements [19].

QbD also allows for more efficient comparisons, which are essential when there are process variations or technology transitions [22].
Through this approach, companies can minimize the amount of revalidation necessary because processes stay within the defined design
space [23]. Flexibility in this manner is important for scalability and international harmonization, as regulatory bodies are increasingly
embracing QbD as an approach that fosters innovation and compliance with guidelines. In addition, academic institutions and pharmacy
colleges are using QbD techniques in educating future healthcare practitioners.

The incorporation of QbD into the regulatory framework represents the larger move towards proactive quality control. The regulators
highlight that quality must be built into processes rather than tested into the product. Such an approach is consistent with the scientific and
engineering principles underlying QbD. With the incorporation of QbD into the regulatory strategy, regulators and pharmaceutical
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companies work together to ensure the development of safe and efficacious drugs. The guidelines offer the industry flexibility, risk
assessment methodologies, and continuous improvement initiatives [24]. In the QbD regulatory system, emphasis is placed on early
engagement, streamlined submissions, and innovative approaches such as RTRT. By integrating science and regulation, QbD provides a
comprehensive framework that supports biomanufacturing processes.

3. Methods

The QbD approach relies on several essential building blocks that provide a systematic understanding of the process and ensure robust
product quality. Such building blocks are CQAs, CPPs, risk assessment techniques, and design space. All these constitute the backbone of
QbD implementation in bioprocess development. Critical Quality Attributes (CQAs) are product characteristics that should be controlled
to ensure product safety and effectiveness. The main CQAs of a biopharmaceutical product usually consist of its protein structure,
glycosylation pattern, and biological activity. These CQAs directly affect the product's ability to provide a therapeutic effect and its
immunogenic and stability characteristics. To define CQAs, knowledge about the product and its clinical implications is necessary.
Technologies for CQA measurement have recently made significant progress across both upstream and downstream processes in
biopharming.

Critical Process Parameters (CPPs) are process variables that impact CQAs and must be maintained within defined limits. Parameters such
as pH, temperature, dissolved oxygen, and nutrient feed rates are examples of CPPs that influence product quality. Establishing
relationships between CPPs and CQAs is essential for designing control strategies that ensure consistent outcomes. The field of bioprocess
systems engineering has methods to assist in defining and controlling CPPs, which utilize models and experimental data to make a reliable
process. A second important aspect of the QbD approach is risk analysis. This involves identifying, analyzing, and ranking potential hazards
that could affect product quality. Methods such as FMEA and HACCP can be used to manage risks effectively, allowing manufacturers to
focus on the most critical risks. This not only makes the process stronger but also improves patient safety. Proper risk assessment is equally
important for regulatory compliance.

The development of design space involves experimentation and mathematical modeling to delineate operational regions that guarantee a
specified quality level. The design space is a multi-dimensional region of input parameters in which the quality of the products is
guaranteed. Working within the design space offers greater flexibility, as the parameters can be adjusted without obtaining new regulatory
approval. Bioprocess development using model-based methods has become an effective means of expanding the design space by integrating
experimentally generated data with models. CQAs, CPPs, risk assessment, and design space form the foundation of the QbD approach.
They offer a systematic approach to incorporating quality into process design and ensuring process reproducibility, scalability, and
compliance. By integrating these aspects, the QbD approach shifts focus from a responsive to a proactive biopharmaceutical development
approach.

Table 2. Core Elements of Quality by Design in Bioprocessing [18]
Role in Process

Impact on Product

Element Definition Key Characteristics Development Quality
Critical Quality Measurable product Structural, functional, Define product Directly determine
Attributes (CQAs) properties stability-related attributes ~ acceptance criteria safety and efficacy

Critical Process

Process variables

pH, temperature,

dissolved oxygen, feed

Controlled to

Ensure consistency

Parameters (CPPs) affecting CQAs rate maintain CQAs and reproducibility
. Systematic risk FMEA, HACCP Identifies and Reduces variability
Risk Assessment ) . prioritizes critical . .
evaluation methodologies and failure risk
factors
. Multidimensional Defined by experimental AHOW.S ﬂex.lbl.e Maintains qugllty
Design Space . . . operation within under varying
operating region and model-based analysis . .\
limits conditions
Planned process Monitoring, feedback, Maintains process Ensures continuous
Control Strategy . o .
control framework automation stability compliance

4. Result and Discussion

The successful application of QbD depends on methodologies that enable the evaluation, prediction, and optimization of the process being
developed. Some examples of such methodologies include Design of Experiments (DoE), multivariate data analysis, and PAT integration.
Using these methodologies provides the means needed to apply QbD concepts. One of the methodologies that plays an integral part in the
QbD concept is the Design of Experiments (DoE). This methodology provides a basis for evaluating the effects of the various variables
used in the process and how they relate to one another, thereby determining their criticality with respect to quality. Using a systematic
approach allows manufacturers to explore several dimensions with minimal experimentation. Bioprocess systems engineering has
demonstrated the importance of using DoE to optimize processes.

Analytical methods such as PCA and PLS, known as multivariate data analysis (MVDA), offer unique perspectives when dealing with
complex data [25]. This is because such methods can help identify patterns, correlations, and even sources of variation within the data that
might not otherwise be observed with other analytical methods. MVDA is useful in bioprocessing, as these datasets tend to be highly
dimensional and noisy. Due to advances in measurement technology for bioprocessing, more data than ever before is available, and MVDA
is useful in extracting value from this abundance.

Another option is Process Analytical Technology (PAT). PAT is simply the application of real-time measurement and control technologies
in the manufacturing process. By combining PAT with the QbD approach, companies can optimize their processes by making adjustments
based on real-time information to maintain high-quality products. PAT supports CPV, ensuring processes occur within the design space
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defined by QbD. The use of PAT in QbD is consistent with regulatory recommendations, as regulatory agencies encourage real-time
monitoring to improve quality.

In addition to these key methodologies, advanced statistical and computational tools enable even more efficient implementation of QbD.
Model-based approaches, machine learning algorithms, and digital twins are tools that can be used to make predictions beyond conventional
approaches. With the use of these advanced methodologies, simulation, optimization of controls, and risk assessment are possible, which
means that the implementation of QbD principles becomes much more efficient and effective. Methodological approaches like DoE,
MVDA, and PAT enable QbD to become a reality by providing the tools necessary for its successful implementation. The mentioned
approaches enable analyzing data, managing variables, and conducting real-time process monitoring.

Table 3. Methodological Tools for QbD Implementation [15]
Application in

Methodology Principle Techniques Used Bioprocessing Advantage
Design of Systematic variation Factorial design, Identification of CPPs ~ Reduces experimental
. . response surface . .
Experiments (DoE) of inputs . and interaction effects effort
modeling
Multivariate Data Statistical pattern PCA. PLS reeression Process monitoring and Handles high-
Analysis (MVDA) extraction i & variability analysis dimensional datasets
Process Analytical Real-time Spectroscopy, sensors, Continuous process Enables real-time
Technology (PAT) monitoring automation control quality assurance
L. . Data-driven Regression models, Process optimization Improves decision-
Predictive Modeling . - . - .
forecasting simulation tools and scale-up prediction making
Digital Simulation Virtual process Modeling, scenario Des1gn.sp ace Reduces experimental
. . ) exploration and .
Tools representation simulation risk

validation

4.1. Lifecycle Management and Control Strategy

QbD spans the entire product lifecycle, from development to commercial production. Through its application, quality considerations are
taken from the very start and continued consistently until the end of the product's lifetime [26]. The regulatory bodies emphasize the
importance of applying QbD as a continuous approach to addressing variability, risks, and regulatory requirements throughout the product's
lifecycle. During the process of scaling up and transferring the technology, QbD helps minimize variability and ensure uniformity.
Bioprocesses developed under laboratory-scale conditions often struggle to scale up to pilot or commercial scales due to differences in
equipment, raw materials, and environmental conditions. QbD allows identifying the relationship between the CPPs and CQAs through
defining design spaces that help manage the process of scale-up [27]. Model-based approaches to developing bioprocesses have been useful
in predicting the performance of scaled-up processes and minimizing errors in technology transfer.

Control strategies play an important role in lifecycle management. The reason for that is the fact that the strategies are developed based on
the relationships between CPP and CQA, and therefore guarantee the stability and reproducibility of processes [28]. As part of control
strategies, feedback and feedforward controls, real-time monitoring, and automated adjustments can be used to maintain processes within
specified parameters. In addition, bioprocess systems engineering has significantly advanced the development of process-control strategies
by combining experimental approaches with models. Continuous process verification (CPV) is also an essential component of lifecycle
management. CPV involves monitoring and analyzing process data collected during production, thereby ensuring the process operates
within a predefined design space. In contrast to conventional process validation, CPV emphasizes dynamic process verification. Regulatory
bodies recommend CPV within the QbD strategy framework, as it provides high-quality products and improves patient safety.

Lifecycle management also involves managing changes and ensuring regulatory compliance. Flexibility is one of the features of QbD, as
it allows manufacturers to work inside the design space without having to re-approve small changes made [29]. Thus, there will be less
bureaucracy, as manufacturers will be able to make changes based on the new information received. Universities and industry pharmacies
have also emphasized that QbD is a methodology that enables professionals to address lifecycle problems. Lifecycle management and
control strategies in QbD ensure the robustness, reproducibility, and compliance of processes during development, scaling up, commercial
production, and product production. By combining the CPP-CQA relationship, control strategies, and CPV, QbD enables the management
of process variations and the maintenance of the final product's quality.

4.2. Digital Transformation and Advanced Analytics

Digital transformation is reshaping bioprocess development, and its integration with QbD frameworks enhances process understanding,
control, and efficiency [30]. New methods using advanced analytical approaches, automation, and computation create new possibilities for
integrating quality by enabling the design of predictive models and the optimization of dynamic systems. Machine learning techniques
have been widely used in bioprocessing, where they recognize patterns in large datasets. Machine learning techniques are useful in
predicting process behavior, detecting abnormalities, and optimizing control mechanisms. Machine learning-enhanced spectroscopic
techniques have highlighted the potential of advanced models capable of greater generalization and transferability [31]. Using machine
learning within the QbD framework enhances predictive process control. Digital twins are yet another game-changing technology. Digital
twins are computer representations of manufacturing systems that combine real-time information and predictive capabilities. Digital twins
enable scientists and engineers to conduct experiments by simulating process conditions without physically conducting them. This helps
minimize risks while saving costs and time. With respect to bioprocesses, digital twins can be used to define design space, help with
regulatory filings, and ensure continuous improvement [32]. Incorporating digital twins into quality-by-design practices is consistent with
regulatory guidelines, as agencies recognize the importance of digital technologies for process understanding.

Automation and advanced analytics also improve the application of QbD. Automation allows for the modification of process parameters
in real-time to ensure that the CPPs stay within set boundaries [33]. Multivariate and model-based analytics provide deeper insights into
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process variability and effectiveness. This results in improved decision-making, robustness, and scalability. Digital transformation in the
pharma industry underscores the need to pay special attention to data integrity, interoperability, and compliance during this process. The
use of digital technologies in QbD platforms is the future of bioprocessing [34]. When these digital technologies are paired with machine
learning, digital twins, and automation within the QbD paradigm, process understanding and process control can reach new heights. In
addition, this application provides proactive quality management and assures reliability and sustainability. An example of using digital
technologies for designing novel bioreactors and bio-control systems represents another instance where digital technologies have been used
within the framework of Industry 5.0 [35].

Table 4. Digital Transformation and Challenges in QbD Implementation
Category Aspect Description Impact on Bioprocessing Mitigation Strategy
Enhances process

Digital Machine Pattern recognition and rediction and Use validated and
Technology Learning predictive modeling predietion interpretable models
optimization
Digital Dicital Twins Virtual simulation of Enables risk-free Hybrid modeling with
Technology g processes experimentation mechanistic validation
Digital Automation Real-time control systems Improves cor.1s1stency and Ensure integration with
Technology efficiency PAT systems

Incomplete or noisy Implement robust data

Challenge Data Integrity Reduces model reliability

datasets management systems
Regulatory Lack of model Limits the adoption of Apply explainable Al
Challenge . .
Acceptance transparency advanced analytics and documentation
Challenge SyStem Difficulty merging legacy Operational inefficiencies Gradualn digital
Integration systems transformation strategy

4.3. Discussion

Among the various advantages offered by QbD, improving process understanding is considered one of the most important. Indeed, by
identifying CQAs and CPPs, manufacturers can understand the relationship between process parameters and product properties in advance,
enabling the design of reliable control systems before actual batch production. Consequently, manufacturers adopting QbD principles can
reduce the risk of producing substandard batches and even scale up their processes.

Nevertheless, there are certain difficulties associated with the use of QbD approaches. There is a need for substantial data to identify CQAs,
CPPs, and design spaces. Bioprocessing generates large volumes of complex data that require adequate analysis and processing. The
problem of system complexity is another challenge because biological systems are dynamic and subject to various factors that affect their
performance. The adoption of novel technologies by regulatory bodies poses additional difficulties because agencies favor transparent
models, while many Al-based models operate as black boxes. However, when QbD is combined with digital technology, there is significant
potential for improvement. Through advanced analytics, machine learning, and digital twins, QbD approaches gain predictability,
simulation, and real-time monitoring. Machine learning allows for identifying trends in massive amounts of data for predictive process
control and anomaly detection. Digital twins enable the creation of a virtual image of a production system to conduct experiments in
advance and optimize it. The use of such solutions minimizes risks, facilitates innovations, and promotes the robustness of the processes
[91.

Interdisciplinary cooperation is imperative for the effective implementation of QbD concepts. Biologists bring their expertise in biological
knowledge, engineers design and optimize processes, analysts build mathematical models, and regulatory experts address compliance
issues. An interdisciplinary approach ensures that QbD approaches are both scientific and operational. The fusion of bioprocess systems
engineering with novel analytical techniques will enable the identification of critical quality attributes (CQAs) and process parameters
(CPPs). At the same time, regulatory experts will incorporate QbD findings within the context of international regulatory guidelines such
as those developed by ICH. In addition to these benefits, QbD offers several strategic advantages when dealing with regulations. It enables
companies to submit fewer documents, decrease the number of changes after approval, and conduct real-time tests. The regulatory bodies
are coming to understand QbD as an approach that combines innovation with compliance in drug development, creating flexible and
effective ways for product approval. Educational institutions and pharmacy schools have incorporated QbD into their curricula, making
the approach part of both science and regulation.

QbD is compatible with the concepts of sustainability and Industry 5.0. The use of digitalization and the incorporation of quality into
process design make QbD useful for achieving resource optimization, minimizing waste, and producing sustainably. These advancements
in bioreactor technologies and biomimetic control strategies reflect the scope of QbD for the sustainable development of bioprocesses,
thanks to their adaptability, robustness, and efficiency.

5. Conclusion

The application of Quality by Design makes bioprocessing more efficient, reliable, and compliant by integrating quality throughout the
product life cycle. This is achieved through the determination of critical attributes and parameters, risk assessment, and advanced analysis,
enabling the consistent production of high-quality biologics. Technological tools such as digital twins and machine learning enable
predictive process control and optimization. For QbD to work effectively, cooperation among science, engineering, and regulatory agencies
is essential. QbD remains central to future biomanufacturing systems. The concept of Quality by Design can significantly enhance
bioprocess development by ensuring quality throughout the product's life cycle. Quality by Design ensures that process quality is
incorporated into the bioprocess throughout its life cycle. Quality by Design helps develop bioprocesses that are efficient, robust, and
regulation-compliant. Critical quality attributes and critical process parameters are analyzed and evaluated with risk assessment techniques
for the manufacture of biologics. Machine learning and digital twin techniques are also useful for accurate prediction and control of
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bioprocess development. Collaboration among scientists, engineers, and regulators is crucial to the effective application of Quality by
Design in bioprocess development.
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