
 

 

 
 
 
 
 

On the Industrial Crystallization of Proteins 
 
 
 
 

Habilitationsschrift 
 

zur Erlangung des akademischen Grades 
Dr.-Ing. habil. 

 
 
 

vorgelegt dem 
Zentrum für Ingenieurwissenschaften 

der Martin-Luther-Universität Halle-Wittenberg 
als organisatorische Grundeinheit für Forschung und Lehre im Range einer Fakultät 

(§ 75 Abs. 1 HSG LSA, § 19 Abs. 1 Grundordnung) 
 
 
 

von 
Herrn Matthew Jonathan Jones, PhD 
geb. am: 06. August 1967 in: Rinteln 

 
 
 
 
 
 
 
 
 

Gutachter 
1. Professor Dr.-Ing. habil. Dr. h.c. Joachim Ulrich (ZIW, MLU) 
2. Professor Dr. rer. nat. habil. Dr. h.c. Reinhard Neubert (Pharmazie, MLU) 
3. Professor Dr. Gérard Coquerel (Université de Rouen, Frankreich) 
 
Halle (Saale), 9. Dezember 2014  



 

 
 

  



Shaker  Verlag
Aachen  2015

Berichte aus der Verfahrenstechnik

Matthew Jonathan Jones

On the Industrial Crystallization of Proteins



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Halle, Univ., Habil.-Schr., 2014

Copyright  Shaker  Verlag  2015
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.

Printed in Germany.

ISBN 978-3-8440-3355-7
ISSN 0945-1021

Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de



 

 

Acknowledgements 
 
I wish to express my gratitude to all who have enabled, encouraged and supported the work 
presented here. 
 
First and foremost my thanks go to Professor Joachim Ulrich for having sufficient faith in the 
value of my idea to study the large scale crystallization of proteins to provide me with the 
opportunity to carry out this research. The many fruitful discussions in the time we worked 
together helped me develop and grow as a scientist. His continuous support and 
encouragement was an essential and much appreciated contribution to the success of this 
work.  
 
A large part of the work presented here would not have been possible without the efforts of 
the numerous PhD-, Diplom-, Masters-, and undergraduate project students I supervised 
during my time in Halle. In particular I would like to thank Dr Maxim Weber and Dr Naser 
Aldabaibeh for their sterling work, as well as for the many stimulating and at times very 
lively discussions and debates. I also thank Dr Bo-Hyun Ryu for her contribution to the 
solvent freeze-out technology. 
 
My gratitude also goes to Professor Markus Pietzsch and Dr Thomas Hertel for their 
hospitality in the early stages of this work, allowing me and my students to work in their 
laboratories, for patiently teaching us the techniques necessary for the characterisation of our 
samples and for their continuing interest in our progress and the many valuable discussions 
we had along the way. 
 
I also wish to thank all my friends for their support and encouragement, in particular Anke 
and Christian Marx, Aniko Szepes and Sabrina Pfennig, as well as my former colleagues from 
the Thermische Verfahrenstechnik research group who contributed by sharing the pleasure 
(and the pain) of research and university life and made my time in Halle a positively 
memorable experience. 
 
Finally, my heartfelt gratitude to my parents Regine and Keith Jones and to my sister, 
Dr Nicola G. Jones, who supported me all the way, through thick and thin, without ever 
doubting. 



 

 
 

  



 

 

 
Table of Contents 

1. Introduction 1 

2. Thermodynamics of Protein Solutions - Solubility 4 

2.1 Measurement of Solubility 4 

2.2 Solubility of Selected Proteins - Compilation of Literature Data 8 

2.3 Crystal Modifications of Lysozyme 11 

2.4 Solubility of Lysozyme Chloride 14 

2.5 Analysis of the Solubility of Lysozyme Chloride Modifications in Terms 
of the Enthalpy and Entropy of Crystallization 36 

2.6 Nephelometric ‘Solubility’ Measurement 39 

2.7 Second Osmotic Virial Coefficient 41 

3. Kinetics of Protein Crystallization 47 

3.1 Nucleation 47 

3.1.1 Early Protein Nucleation Studies 49 

3.1.2 Pre-Nucleation Particle Aggregation 50 

3.1.3 Induction Time Measurements 52 

3.1.4 Calorimetric Studies of Nucleation 54 

3.1.5 Turbidity Measurements 55 

3.1.6 Generalised Solution Phase Diagram 55 

3.1.7 Liquid-Liquid Phase Separation as a Precursor to Nucleation 58 

3.1.8 Two-Step Nucleation Model 59 

3.2 Crystal Growth 62 

3.2.1 Growth Rate Measurements 63 

3.2.1.1 Overall Linear Growth Rates 64 

3.2.1.2 Face Growth Rates 66 

3.2.1.3 Mechanistic Studies 67 

4. Crystallization Process Technology – Applicability to Protein Products 68 

4.1 Solution Crystallization 68 

4.2 Case Study I: Extraction and Crystallization of Urease from Jack Bean 
Meal 70 



 

 
 

4.2.1 Extractions from Jack Bean Meal 71 

4.2.2 The Influence of Process Parameters on Extraction and Solid-Liquid 
Separation 76 

4.2.2.1 Extraction Duration and Mixing Intensity 76 

4.2.3 Variation of Crystallization Conditions 78 

4.2.3.1 Solvent Composition 78 

4.2.3.2 Temperature 79 

4.2.3.3 Mixing 80 

4.2.3.4 Solid-Liquid Separation 81 

4.2.3.5 Post-Crystallization Treatment: Washing and Recrystallization 82 

4.2.3.6 Summary of Urease Case Study 83 

4.3 Case Study II: Combined Solid Layer Melt Crystallization and Solution 
Crystallization 84 

4.3.1 Introduction 84 

4.3.2 Application of Combined Solid Layer Melt and Solution Crystallization 
to the Manufacture of Lysozyme Chloride 87 

4.3.2.1 Experimental Set-Up 87 

4.3.2.2 The Effect of the Ice Growth Rate on Protein Loss 88 

5. Outlook 94 

6. Summary 96 

7. List of Symbols and Abbreviations 97 

7.1 Symbols 97 

7.2 Abbreviations 99 

8. References 100 




