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PREFACE

Downstream Industrial Biotechnology 1s a compilation
of essential in depth articles, organized topically and
listed in alphabetical format, for biopharmaceutical,
bioprocess and biologics process scientists, engineers and
regulatory professionals from the comprehensive seven
volumes of the Encyclopedia of Industrial Biotechnology .
Process development for the manufacture of complex
biomolecules involves solving many scientific, compliance
and technical problems quickly in order to support pilot,
preclinical and clinical development, technology transfer
and manufacturing start-up. Every organization develops
new processes from accumulated process knowledge.
Accumulated process knowledge has a very significant
impact on accelerating the time to market (and reducing
the financial resources required) of products manufactured
using recombinant DNA and living microbes, cells,
transgenic  plants or transgenic mammals. However,
when an entirely new upstream platform or downstream
unit operation is needed, there are few books that will
quickly provide the depth of industry-relevant background.
Downstream Industrial Biotechnology can fill this void
as an advanced desk reference. This volume includes
relevant biology, protein purification and engineering

literature with abundant process examples provide by
industry subject matter experts (SMEs) and academic
scholars. This desk reference will also be useful for
advanced biomanufacturing students and professionals
to quickly gain in depth knowledge on how to design
processes (and facilities) capable of being licensed to
manufacture enzymes, biopharmaceutical intermediates,
human and veterinary biopharmaceuticals or vaccines. The
opportunity is yours to leverage the combined knowledge
from scores of industry professionals from around the
world who have contributed to Downstream Industrial
Biotechnology to reduce the time and cost to deliver
engineered proteins, biomolecules and cost-effective bio-
logics to the market and especially to millions of patients
worldwide.

Professor MicHAEL C. FLICKINGER, Editor

Golden LEAF Biomanufacturing Training and Education
Center (BTEC)

Department of Chemical and Biomolecular Engineering

North Carolina State University

Raleigh, North Carolina, 27695-7928, USA
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INTRODUCTION

Downstream biomanufacturing processes increase product

concentration and purity, while decreasing process volume.
Therefore, decreasing process volume without loss of
product is essential to increase product purity, while at
the same time eliminating product contaminants. The
biochemistry of different products (peptides, proteins,
hormones, low-molecular-weight metabolic intermediates,
complex antigens etc.), all of which are liable to degra-
dation, dictates that different separation methods be used
to isolate and purify these products from contaminating
biomolecules produced by the upstream process. Optimal
downstream product yield is the yield of recovered product
in the appropriate final biologically active form and purity.
Purified but inactive product is a contaminant, reduces
overall process yield, and may have serious consequences
on clinical safety and efficacy. That is why downstream
process design has the greatest impact on the overall
biomanufacturing cost.

As product purity increases, more product can be lost
to inactivation, nonspecific binding to equipment surfaces,
binding to membranes, and chromatography media or by
precipitation, thus decreasing the recovery of product.
Because of these potential losses, each additional separa-
tion step may reduce overall yield. Therefore, downstream
separation scientists and engineers are continually seeking
to eliminate or combine unit operations to minimize the
number of process steps in order to maximize product
recovery at a specified concentration and purity.

Section Il of Downstream Industrial Biotechnology
includes detailed methods used for the initial steps of cell
separation, cell disruption (for intracellular products), filter
aids and adsorbents for rapid protein capture and initial
volume reduction. Each of these steps is critically affected

by upstream process design (volume, product concentra-
tion, and contaminants derived from the growth media or
host cells), which impacts every subsequent step of down-
stream product recovery and purification. In particular, cell
separation and cell disruption methods can have a dramatic
effect on contributing (or minimizing) contaminants such as
nucleic acids, host cell proteins, cell membrane fragments
or pyrogenic lipopolysaccharides that need to be removed
from the final product in subsequent separation steps.

Although each upstream process decision impacts down-
stream product recovery and purification, not all contami-
nants come from upstream operations. In some cases con-
taminants can also be generated by downstream operations,
as inactivated product (due to heating, proteolysis, photoin-
activation or precipitation), bioburden or microbial contam-
ination introduced during downstream operations (from the
environment, water, operations staff etc.) or contaminants
derived from materials in direct contact with the product
(extractable, leachable contaminants).

The downstream steps described in Section III are
optimized by absorbent surface arca, selectivity, binding
capacity, and degree of volume reduction to purify product
in the concentration range needed for each subsequent
step to meet overall criteria of scale, stability, purity, and
potency. Therefore, close integration of the characteristics
of the upstream biological system that produces the
product with the engineering and optimal performance
of the downstream product separation, concentration.
and purification operations are essential. This means
that separation engineers, bioseparation and bioanalytical
scientists, and manufacturing operations staff with broad
expertise in working with labile biological molecules all
need to work and communicate effectively as a team to
design a downstream process that can be scaled from the

3



+ INTRODUCTION

laboratory bench and transferred to the manufacturing
scale. It also means that downstream process scientists
must continually provide feedback information to upstream
process engineers and scientists to minimize the impact of
upstream changes (cell line changes, media composition
changes, the addition of antifoam, degradation of product
during in-process storage or holds) on downstream
separation operations. Therefore, the companion volumes
of Upstream Industrial Biotechnology should also be
consulted when designing a downstream process.

Each downstream step requires process development and
optimization (for purity, overall yield) because of the com-
plexity of the structure of the biological molecules being
purified and the complexity of contaminants. Section III
also includes approaches for scale down of purification
operations. Each downstream step is expensive to optimize
at the pilot or manufacturing scale. This expense is not
only due to the scale of the equipment and expense of the
separation media, but also because of the large quantity of
valuable product needed to carry out optimization studies
at scale.

Downstream operations require specialized equipment
designed for separation of proteins, peptides, virus, partic-
ulate antigens or low-molecular-weight biomolecules while
minimizing product degradation. Sections IV and V focus

on large scale equipment design and fluid transfer systems,
and describe in detail many types of industrial bioseparation
equipment. Of particular concern for products derived from
mammalian cell lines are effective methods for virus inac-
tivation and viral filtration that can be validated with model
virus challenge. These methods are described in section V.

Not only do the upstream and downstream processes
need to be designed to meet cGMPs and be capable of being
licensed, but the facility used to carry out the process also
must be designed so that it can be licensed. Section VI and
VII of Downstream address facility design, facility valida-
tion, clean-in-place (CIP) and sterilization-in-place (SIP)
methods. A major advance in facility design for down-
stream processes is the growing impact of single use (SU)
disposable downstream materials and this is described in
Section VI

The overall goal of all downstream operations is not
only to purify bulk product for formulation, but to achieve
regulatory compliance and licensure so that final formulated
and filled product can be released to consumers, physicians
or patients. Section VII describes how Process Analytical
Technology (PAT), bioburden testing and Quality by Design
(QbD) impact downstream process design and contribute to
regulatory compliance both for the USFDA and European
regulatory agencies.



BIOPROCESS DESIGN, COMPUTER-AIDED
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1.1 INTRODUCTION

Bioprocess design is the conceptual work done prior to
commercialization of a biological product. Given informa-
tion on the potential market demand for a new product,
bioprocess design endeavors to answer the following ques-
tions: What are the required amounts of raw materials and
utilities for manufacturing a certain amount of product per
year? What is the required size of process equipment and
supporting utilities? Can the product be manufactured in
an existing facility or is a new plant required? What is the
total capital investment for a new facility? What is the man-
ufacturing cost? How long does a single batch take? What
is the minimum time between consecutive batches? Dur-
ing the course of a batch, what is the demand for various
resources (e.g. raw materials, labor, and utilities)? Which
process steps or resources are the likely production bottle-
necks? What process and equipment changes can increase
throughput? What is the environmental impact of the pro-
cess? Which design is the “best” among several plausible
alternatives?

Bioprocess design and project economic evaluation
require the integration of knowledge from many different
scientific and engineering disciplines. Design and eval-
uation are also carried out at various levels of detail.

Table 1.1 presents a common classification of design and
cost estimates and typical engineering costs for a $50
million capital investment project (1).

Order-of-magnitude estimates are usually practiced by
experienced engineers who have worked on similar projects
in the past. They take minutes or hours to complete, but the
error in the estimate can be as high as 50%. Table 1.2 pro-
vides a good example of information typically employed
for order-of-magnitude estimates of the capital investment
for cell culture facilities. It lists capital investment for cell
culture facilities of various sizes built in the last 10 years.
The last column displays unit cost of capital investment
expressed in millions of US dollars per cubic meter of pro-
duction bioreactor capacity. The numbers range between
2.5 and 6.2 and for the more recent facilities the numbers
are in the 5-6.2 range. Consequently, using the data of
Table 1.2, one can safely estimate the capital investment
for a new cell culture facility with production bioreac-
tor capacity of 100 m? to be in the range of $500—650
million.

Engineers employed by operating companies usually
perform level 2 and 3 studies. Such studies take days or
weeks to complete using appropriate computer aids. The
main objective of such a study is to evaluate alternatives
and pinpoint areas of high cost and low yield. The results

Downstream Industrial Biotechnology: Recovery and Purification, First Edition. Edited by Michael C. Flickinger.
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