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1.1 INTRODUCTION

The premise ofQuality byDesign (QbD) is that the quality of the pharmaceutical product
should be based upon the understanding of the biology or the mechanism of action
(MOA) and the safety of the molecule [1]. The manufacturing process should then be
developed to meet the desired quality attributes of the molecule, hence the concept of
“design” of the product quality versus “testing” the product quality. Although testing the
product quality after manufacturing is an essential element of quality control, testing
should be conducted to confirm the predesired product attributes and not to simply reveal
the outcome of a manufacturing process. The ICHQ8 guideline provides an overview of
some of the aspects of QbD [2]. The guideline clearly states that quality cannot be tested
into products; that is, quality should be built in by design.

Although the task of designing a complex biological molecule such as amonoclonal
antibody may seem daunting, the experience gained in the past roughly 30 years of the
biotechnology industry history has laid the foundation for the QbD initiative [3, 4]. The
industry has come a long way in identifying and selecting viable drug candidates, in
developing high-productivity cell culture processes, in designing purification processes
that yield a high-purity product, and in analyzing the heterogeneity of complex
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biomolecules. As all these activities are the building blocks of QbD, the concept of QbD
has in fact been practiced for the last few years and has in turn led to the development of
highly efficacious biopharmaceuticals and robust manufacturing processes. The issu-
ance of the ICHQ8 guidelinewas an attempt to formalize the QbD initiative and to allow
manufacturing flexibility based on the manufacturer’s intricate knowledge of the
molecule and the manufacturing process. The concept of obtaining intricate knowledge
of the molecule along with the manufacturing process and the resulting flexibility in
manufacturing, the eventual goal of the QbD initiative, requires an understanding of the
various elements of QbD.

The two key components of QbD are [4]

1. The understanding of the critical quality attributes (CQAs) of a molecule. These
are the attributes of the molecule that could potentially affect its safety and
efficacy profile.

2. The design space of the process defined as the range of process inputs that help
ensure the output of desired product quality.

An overview of these components is discussed further in this chapter and elsewhere
in this book.

1.2 CRITICAL QUALITY ATTRIBUTES

The starting point of QbD is developing a good understanding of the molecule itself.
Biomolecules are quite heterogeneous due to the various post-translational modifica-
tions that can occur and have been commonly observed. These modifications arise from
the glycosylation, oxidation, deamidation, cleavage of labile sites, aggregation, and
phosphorylation, to name a few. As many of these modifications could impact the safety
and efficacy of the molecule, defining the appropriate CQAs of the molecule is an
important starting point in the development cycle of a biopharmaceutical. Although the
understanding of the CQAs evolves during the life cycle of the product, understanding
the CQAs at an early stage of the development of the molecule is clearly desirable.
Studies conducted during the early research stages of development of a potential
biopharmaceutical may entail evaluating various forms of a particular biomolecule in
animal studies. The outcomes of such studies help “design” a biomolecule with the
desired quality attributes so as to be safe and highly efficacious.

Since the CQAs can impact the safety and clinical efficacy of a molecule, data
gathered in animal studies, toxicological studies, and early human clinical trails become
the starting point for defining the CQAs.On the basis of the safety and efficacy readout of
a clinical trial, one can start to define the product profile of amolecule. The assumption is
that if the CQAs of themolecule are similar to those used in preclinical and clinical trials,
the safety and efficacy will be comparable as well. Furthermore, historical data from
clinical trials of similar molecules can also provide valuable insight into the CQAs.
Evaluation of the in vitro biological activity via bioassays, reflecting the mechanism of
action, can provide a good assessment of how the various product attributes could
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potentially impact the in vivo activity of a molecule. The molecule can be altered by
conducting stress studies to induce higher level of aggregation; oxidation, deamidation,
and the glycosylation pattern can be varied as well. The impact of changes in the
molecular structure on the biological activity can then be evaluated via various bioassays.
This study is referred to as structure–activity relationship. The evaluation of in vitro
activity is often the relatively easiest means of determining the CQAs. However, in vitro
assessments can only provide an understanding of the potential changes in the activity of
the molecule, and the correlation between this change in activity and the impact of
efficacy in patients is often unclear. Further assessment of the molecule in animal studies
to evaluate clearance, efficacy, and safety is often a good indicator of the behavior of the
molecule in human trials and is a better tool for understanding the CQAs. Additional
details of the determination of the CQA can be found in Chapter 4.

1.3 AN OVERVIEW OF DESIGN SPACE

After defining the CQAs, the next and more critical step is the development of a
manufacturing process that will yield a product with the desired CQAs [4, 5]. During the
process development, several process parameters are routinely evaluated to assess how
they could impact product quality [6]. The design space for the process eventually
evolves from such a study. For example, during the cell culture development, ranges for
process inputs such as temperature, pH, and the feed timing can be evaluated to determine
if operating within a certain range of temperature and pH has an impact on product
quality. The design of experiments (DOE) is conducted in a manner so as to evaluate the
impact of the multiple variables (multivariate) and also to understand if and how changes
in one or more of the process inputs have an effect on the product quality and/or if a
process input is independent of changes in other inputs.

The design space (process range) is then established for each of the above process
inputs. This can be further explained using an example of a design space for a purification
column. If a column used to purify a protein is expected to reduce the level of protein
aggregate to 2%, the various column operating parameters such as flow rate, pH and
strength of the buffer, load volume, and so on are evaluated such that operating within a
certain range of these parameters yields an aggregate level of less than or equal to 2%. If it
turns out that pH above 6 or below 4 results in aggregate levels above 2%, then the design
space for the pH of the buffer is defined as between 4 and 6. One can similarly envision a
design space for the flow rate and other inputs for the particular purification step.
Eventually, the entire production process for amoleculewill have a defined design space,
and operating within that design space should lead to a product of acceptable quality.
Operating beyond the design space of a particular process input may result in an
unacceptable product quality.

Since the production process for a biomolecule entails multiple steps starting from
the cell culture process to the final purification and eventually to the formulation and fill
in the desired container, the development of a design space for a particular step is not
usually independent of other steps in the production process. Since the output of one step
becomes the input for the next step, the development of the design space for a process
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should be evaluated in a holistic manner. One such approach may be to determine the
desired product quality from the final process step and towork backward in the process to
ensure that each step of the process delivers the required product quality needed for the
next step to meet the quality target of the final step. To provide an example of this
approach, we can revisit the above example of a desired level of 2% aggregate in the final
drug product. In this particular case, design space should be developed for all parameters
of the production process that can potentially impact the level of aggregate in the final
drug product. The maximum level of aggregate resulting from each of the steps in the
process does not need to be less than 2%, particularly steps that are upstream in the
process such as the protein A purification, the first columns used in the purification of an
antibody. The development of the design space including the design of experiments is
discussed in detail in Chapters 5–7.

1.4 RAW MATERIALS AND THEIR IMPACT ON QbD

In addition to the design space and CQAs, other factors also play an important role in
implementing QbD, and raw material is one such factor. Cell culture processes used to
make recombinant proteins use complex growth media such as hydrosylates and also
feeds such as vitamins for the cell. The understanding of how the various components of
these complex raw materials affect the productivity of the cells and the quality of the
product is not a trivial task. It requires a thorough analysis and quantitation of the
various components of the raw material. Raw material analysis and correlation between
rawmaterial components and the productivity of cells and product quality is an area that
has not been sufficiently explored by the biotechnology industry. However, the evolution
of instruments such as high-resolution nuclear magnetic resonance spectroscopy, near
infrared spectroscopy, and mass spectrometry has provided an opportunity to analyze
complex mixtures of raw materials. In addition, the availability of sophisticated
statistical tools for deconvolution and pattern matching of complex data sets has further
refined the approach to analyzing rawmaterials. Once the correlation between the critical
components of the growth or feed media and the performance of cells is understood, the
ultimate goal of rawmaterial analysis in the context of QbDwould be to fortify themedia
as needed with the relevant component so as to ensure the desired productivity and
product quality. Further details of analysis of complex raw materials are provided in
Chapter 11.

1.5 PROCESS ANALYTICAL TECHNOLOGY

Since one of the goals of QbD is to maintain control of the process to achieve the desired
product attributes, process analytical technology (PAT) is an important tool forQbD. PAT
entails analysis of product quality attributes during the various stages of the manufactur-
ing process of a biomolecule. The analysis is often conducted online using either probes
inserted into the bioreactor to monitor critical components such as the cell density or
sterile sampling devices to divert the stream from a purification column to assess the
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product purity [7]. In either case, the online analysis enables operators on the
manufacturing floor to make real-time adjustments to the process parameters so as to
obtain the desired product profile at every stage of the manufacturing process. For
example, a PAT tool to monitor a purification columnwould entail periodically sampling
the elution stream from the column via a sampling device and diverting the sample to an
online HPLC system [8]. The results of the online HPLC analysis, indicative of the
product purity, would be used to determine the eluate volume that should be collected. In
this particular example, the fraction of the eluate of purity below a predetermined
criterion would provide a trigger to stop collection of the eluate and to divert the elution
stream to waste. The advantage of such a PAT tool would be that the collection of the
column eluate would be based on the required product purity and would help to ensure a
consistent product quality for every production batch of the biomolecule [8]. Further
applications of PAT can be found in Chapters 12 and 13.

1.6 THE UTILITY OF DESIGN SPACE AND QbD

Prior to development of the design space, the questions to ask are the following: How
would the design space be used? What is the advantage for a company of developing a
design space for any of its products?What would be the driver for regulatory agencies to
promote the concept of design space and QbD?

As seen in Fig. 1.1, limits that establish the acceptable variability in product
quality and process performance attributes would also serve as the process validation
acceptance criteria [4, 5]. After the design space has been established, the regulatory
filing would include the acceptable ranges for all key and critical operating parameters
(i.e., design space) in addition to a more restricted operating space typically described
for pharmaceutical products. After approval, CQAs would be monitored to ensure that
the process is performing within the defined acceptable variability that served as the
basis for the filed design space. The primary benefit of an expanded design space would
be a more flexible approach by regulatory agencies. Process changes are often driven by
changes in the manufacturing equipment and raw materials, to name a few. At present,
changes in the process require formal filings and approvals from regulatory agencies
and often require a significant commitment of both time and resources for the industry
and the regulatory agencies. The outcome of the design space development (as stated in
the ICH Q8 guideline) would be that upon the approval of the design space for a
particular product by a regulatory agency, process changes within the design space
would not require additional regulatory filing and approval. This shift in the paradigm
of using enhanced process knowledge to enable process changes with a limited burden
of regulatory approval is clearly beneficial to both the manufacturer and the regulatory
agencies. Chapter 2 further reviews the regulatory relief and implications of the QbD
initiative.

Process improvements during the product life cycle with regard to process
consistency and throughput could take place with reduced postapproval submissions.
As manufacturing experience grows and opportunities for process improvement are
identified, the operating space could be revised within the design space without the need
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for postapproval submission. This is illustrated in Fig. 1.2, which shows that if the
process creeps outside the design space, process changesmay be required to bemade and
may require process characterization, validation, and filing of the changes to the
approved process design space.

Process
characterization

Process
validation

Process
monitoring

• Definition of design 
space for a process
• Establishing control 
schemes (PAT) that 
target optimal and robust 
performance

• Demonstration that process 
can be performed at 
commercial scale within the 
design space

• Monitoring of process performance with respect 
to design space via multivariate analysis and other 
statistical tools 
• If process creeps outside design space, consider 
recharacterization, revalidation, and filing of the 
extended design space

Regulatory
filing

• Filing of design space in 
terms of key and critical 
parameters and their 
acceptable ranges

Figure 1.2. Application of the design space concept in process characterization, validation,

monitoring, and regulatory filing. Adapted from Ref. [5], by permission of Advanstar

Communications.
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Figure 1.1. Illustration of the creation of process design space from process characterization

studies and its relationship with the characterized and operating spaces. The operating range

denotes the range in themanufacturing procedures and the characterization range is the range

examined during process characterization. The acceptable range is the output of the characteri-

zation studies and defines the process design space. Adapted from Ref. [5], by permission of

Advanstar Communications.
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1.7 CONCLUSIONS

Figure 1.3 depicts the various components of QbD discussed above and the correlation
between the various components. As shown in the figure, the outcome of the QbD
exercise is the establishment of the design space for the process and the operating
ranges (ORs) that help achieve the desired product quality. As mentioned earlier, the
reader is referred to the various sections of the book to gain further understanding of the
various aspects of QbD. The editors hope that this book will help establish a good
framework for any researcher to build Quality by Design into a manufacturing process
for a biomolecule.
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