
IPR2020-00770 
United Therapeutics EX2019 

Page 1 of 116

DRUGS AND THE PHARMACEUTICAL SCIENCES VOLUME 157

Pharmaceutical

Prcccss Scale-Ila
Scccml Etilicn

DiscoveryDevelopment. Review Marketing

Pre-ciinicai _ Ciinicai

i, ii, iii Approvai iV AEFi’s

Pro-formulation

Formuiation {Ciinicai} (Optimization)
Optimization Scate- Up Manufacturing

Changes

Appropriate iabeiing and risk management
Safety

& _|_

Quality by Design Efficacy Risk-based Controis & Specifications

Continuous Learning - Manufacturing Science

 
edited by

Michael Levin

 
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Pharmaceutical 
Process Scale-Up

Second Edition

edited by

Michael Levin
Metropolitan Computing Corporation

East Hanover, New Jersey, U.S.A.

New York   London

IPR2020-00770 
United Therapeutics EX2019 

Page 2 of 116
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Published in 2006 by
CRC Press
Taylor & Francis Group 
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2006 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10 9 8 7 6 5 4 3 2 1

International Standard Book Number-10: 1-57444-876-5 (Hardcover) 
International Standard Book Number-13: 978-1-57444-876-4 (Hardcover) 

This book contains information obtained from authentic and highly regarded sources. Reprinted material is
quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable efforts
have been made to publish reliable data and information, but the author and the publisher cannot assume
responsibility for the validity of all materials or for the consequences of their use.

No part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic,
mechanical, or other means, now known or hereafter invented, including photocopying, microfilming, and
recording, or in any information storage or retrieval system, without written permission from the publishers. 

For permission to photocopy or use material electronically from this work, please access www.copyright.com
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC) 222 Rosewood Drive,
Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration
for a variety of users. For organizations that have been granted a photocopy license by the CCC, a separate
system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only
for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Catalog record is available from the Library of Congress 

Visit the Taylor & Francis Web site at 
http://www.taylorandfrancis.com

and the CRC Press Web site at 
http://www.crcpress.com

Taylor & Francis Group 
is the Academic Division of T&F Informa plc.

IPR2020-00770 
United Therapeutics EX2019 

Page 3 of 116
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Contents

Introduction . . . . v
Preface . . . . xi
Contributors . . . . xxi

1. Dimensional Analysis and Scale-Up in Theory and Industrial
Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Marko Zlokarnik
Introduction . . . . 1
Dimensional Analysis . . . . 2
Determination of a Pi Set by Matrix
Calculation . . . . 8

Fundamentals of the Theory of Models
and of Scale-Up . . . . 12

Further Procedures to Establish a Relevance List . . . . 14
Treatment of Variable Physical Properties by
Dimensional Analysis . . . . 23

Pi Set and the Power Characteristics of
a Stirrer in a Viscoelastic Fluid . . . . 29

Application of Scale-Up Methods in Pharmaceutical
Engineering . . . . 31

Appendix . . . . 52
References . . . . 53

2. Engineering Approaches for Pharmaceutical Process Scale-Up,
Validation, Optimization, and Control in the Process and
Analytical Technology (PAT) Era . . . . . . . . . . . . . . . . . . 57
Fernando J. Muzzio
Introduction and Background . . . . 57

xv

IPR2020-00770 
United Therapeutics EX2019 

Page 4 of 116
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Model-Based Optimization . . . . 62
Process Scale-Up . . . . 65
Process Control . . . . 66
Conclusions . . . . 68
References . . . . 69

3. A Parenteral Drug Scale-Up . . . . . . . . . . . . . . . . . . . . . . 71
Igor Gorsky
Introduction . . . . 71
Geometric Similarity . . . . 72
Dimensionless Numbers Method . . . . 74
Scale-of-Agitation Approach . . . . 75
Scale-of-Agitation Approach Example . . . . 78
Latest Revisions of the Approach . . . . 80
Scale-of-Agitation Approach for Suspensions . . . . 83
Heat Transfer Scale-Up Considerations . . . . 85
Conclusions . . . . 86
References . . . . 87

4. Non-Parenteral Liquids and Semisolids . . . . . . . . . . . . . . 89
Lawrence H. Block
Introduction . . . . 89
Transport Phenomena in Liquids and Semisolids and Their
Relationship to Unit Operations and Scale-Up . . . . 91

How to Achieve Scale-Up . . . . 111
Scale-Up Problems . . . . 123
Conclusions . . . . 124
References . . . . 125

5. Scale-Up Considerations for
Biotechnology-Derived Products . . . . . . . . . . . . . . . . . . 129
Marco A. Cacciuttolo and Alahari Arunakumari
Introduction . . . . 129
Fundamentals: Typical Unit Operations . . . . 134
Scale-Up of Upstream Operations . . . . 140
Downstream Operations . . . . 146
Process Controls . . . . 149
Scale-Down Models . . . . 150
Facility Design . . . . 150

xvi Contents

IPR2020-00770 
United Therapeutics EX2019 

Page 5 of 116
f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Real-Time Litigation Alerts
	� Keep your litigation team up-to-date with real-time  

alerts and advanced team management tools built for  
the enterprise, all while greatly reducing PACER spend.

	� Our comprehensive service means we can handle Federal, 
State, and Administrative courts across the country.

Advanced Docket Research
	� With over 230 million records, Docket Alarm’s cloud-native 

docket research platform finds what other services can’t. 
Coverage includes Federal, State, plus PTAB, TTAB, ITC  
and NLRB decisions, all in one place.

	� Identify arguments that have been successful in the past 
with full text, pinpoint searching. Link to case law cited  
within any court document via Fastcase.

Analytics At Your Fingertips
	� Learn what happened the last time a particular judge,  

opposing counsel or company faced cases similar to yours.

	� Advanced out-of-the-box PTAB and TTAB analytics are  
always at your fingertips.

Docket Alarm provides insights to develop a more  

informed litigation strategy and the peace of mind of 

knowing you’re on top of things.

Explore Litigation 
Insights

®

WHAT WILL YOU BUILD?  |  sales@docketalarm.com  |  1-866-77-FASTCASE

API
Docket Alarm offers a powerful API 
(application programming inter-
face) to developers that want to 
integrate case filings into their apps.

LAW FIRMS
Build custom dashboards for your 
attorneys and clients with live data 
direct from the court.

Automate many repetitive legal  
tasks like conflict checks, document 
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks 
for companies and debtors.

E-DISCOVERY AND  
LEGAL VENDORS
Sync your system to PACER to  
automate legal marketing.


