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Abstract
The current status of process centrifugation is reviewed from a biopharmaceutical industry perspective,
with the following four sections:

Section 1 focuses on: centrifugation technology, classes of centrifuges, key centrifuge manufacturers, and
current products that are applied to bioprocessing. The effects of shear and its control via the latest process
centrifuge designs are covered in detail. Scaling relationships are reviewed for the principal centrifuge

types.

Section 2 is devoted to the status of centrifugation in biopharmaceutical applications. Batch cell culture
receives particular emphasis, as does the role of disc stack centrifuges in cell culture applications.
Performance variability of centrifuges in cell culture is discussed at length. Other applications discussed
include: E. coli, yeast, perfusion culture, transgenics, vaccines, plasma fractionation, and cell and gene
therapies. Strengths and weaknesses of centrifugation and competing technologies are presented for each
of the applications, as are trends and new developments. Section 2 further covers limitations of scalability
with respect to process centrifuges.

Section 3 highlights opportunities and threats to both process centrifugation and membrane filtration,
particularly those perceived to have the greatest potential impact.

Section 4 presents a more far-ranging view of potential future developments, including the possibility of a
new centrifuge class designed "from scratch" for batch cell culture. Another area that this section
addresses is adaptation of the latest advances in on-line particle monitoring to feedback control of process
centrifuges, potentially reducing performance variability.

About the authors

Steve Kessler is a Principal of IMPACT Technology Consultants, a chemical engineering firm, founded in
1998, that focuses on technology development and commercialization in the pharmaceutical and
biotechnology industries. Steve holds an M.Eng. in Chemical Engineering from Stevens Institute of
Technology. Steve held various research and development positions at Becton, Dickinson, Millipore,
Sepracor, Biosepra, and Hemasure. During his tenure as Director of Research & Process Technology at
Kendro (formerly Carr Separations), he invented and developed Viafuge centrifuge technology.

Ted Deloggio is the President of BioProcess Consultants, an engineering firm founded in 1995 that focuses
on design, start-up, cost reduction and yield improvement projects for biotechnology companies. Ted
holds an M.S. in Chemical and Biochemical Engineering from the University of Pennsylvania. Ted
previously was a process engineer in charge of development of fermentation and protein purification
processes for BASF, laboratory and pharmaceutical pilot plant manager at Pennwalt, Vice President and
Officer of ABEC (fermentor manufacturer), and General Manager of the $25MM Process Industries Group
for Alfa-Laval. At Alfa-Laval he designed four separation devices that are now used commercially in the
biotechnology industry.

Final Confidential and Proprietary Information



IMPACT @

technology consultants™

Table of Contents

1. Current Status of Process Centrifugation Technology and Products

1.1 Disc Stack Centrifuges

1.1.1 Shear in Disc Stack Centrifuges

1.1.2  Future Advances and Impacts of Disc Stack Centrifuges
1.2 Solid Bowl Centrifuges

1.2.1 Powerfuge® and Viafuge®

1.2.2 Decanters

1.2.3 Tubular and Multi-Chamber Bowl Centrifuges
1.3 Process Ultracentrifuges

2. Current Status of Process Centrifugation in Biopharmaceutical
Applications
2.1 Batch Cell Culture
2.1.1 Disc Stack Centrifuges in Cell Culture
2.1.2  Disc Stack Centrifuge Product Data: Cell Culture Designs
2.1.3  Solid Bowl Centrifuges in Cell Culture
2.1.4 Centrifuge Performance Variability in Batch Cell Culture
2.2 E. coli Processes
2.3 Yeast Processes
2.4 Perfusion Culture
2.5 Transgenics
2.6 Vaccine Processes
2.7  Plasma Fractionation
2.8 Biopharmaceutical Scale-Down
2.9  Cell and Gene Therapies

3. Opportunities and Threats in Solid-Liquid Separation for
Biopharmaceutical Applications
3.1 Opportunities for Centrifugation
3.2 Opportunities for Membrane Filtration
33 Threats to Centrifugation and Membrane Filtration

4. Potential Future Advances in Centrifugation and
Competing Technologies

5. References

6. Appendix

Total Report Length: 70 Pages




List of Tables

Table 1.1
Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 2.7
Table 2.8

Table 4.1

IMPACT @

technology consultants™

Centrifuges Used in Biopharmaceutical Applications

Overview of Centrifuge Market Segments in Biopharmaceuticals
Disc Stack Centrifuge Product Descriptions — Cell Culture Designs
Disc Stack Centrifuge Economic Data

Relative Viability of Hybridoma Cells in CSA-1 Disc Stack Centrifuge
Centrifuge Performance Comparison in E. Coli Applications
Performance of Centrifuges in High Density Yeast Separation
Vaccine Separation Performance in the CSA8 Disc Centrifuge
Feed Rate and Solids Capacity for Centrifuges used in Plasma
Fractionation

Recovery and Separation Techniques

List of Figures

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 1.10
Figure 1.11
Figure 1.12
Figure 1.13
Figure 1.14
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10

Figure 2.11
Figure 2.12

Centrifuge Selection — Scale of Operations

History of Modern Centrifuge Development

Schematic Diagram of a Disc Centrifuge Bowl in Cross-Section
Disc Centrifuge Discharge Methods

Alfa Laval “UX” Bowl Design

Stratified Two-Phase Flow between Discs

The Hydrohermetic Feed System

Schematic Diagram of Hydrohermetic Feed Zone

Powerfuge

Powerfuge Theoretical Flow Patterns

Cross Section of Viafuge Pilot

Viafuge V-12

Decanter Centrifuge

Multi-Chamber Bowl Centrifuge

Centrifuge Operating Costs Comparison to Batch Size (all data)
Centrifuge Operating Costs Comparison to Batch Size (higher end)
Centrifuge Operating Costs Comparison to Batch Size (lower end)
Process Yield vs. Cell Density of Centrifuge Feed

Value of Product Lost in Cell Concentrate vs. Batch Size

Viability of CHO cells vs. Shear in Viafuge

Cell Lysis Scales Well with G-force

Recovery of CHO cells vs. Shear in Viafuge

Centrate Turbidity vs. Shear in Viafuge

Variation of Exposure Time Associated with Cell Rupture and the
Threshold Shear Stress

Relative Settling Velocity vs. Particle Concentration

Centrate Quality — Mammalian Cells in a Powerfuge




