RWNTHAACHEN
Band 69 UNIVERSITY

Malte Schops

Design, Verification and Validation of a Novel
Large-Volume Production of Ghost Cells

Aachener Beitrage zur Medizintechnik

Herausgeber:

Univ.-Prof. Dr.-Ing. Dr. med. Dr. h. c. Steffen Leonhardt
Univ.-Prof. Dr.-Ing. Klaus Radermacher
Univ.-Prof. Dr. med. Dipl.-Ing. Thomas Schmitz-Rode




Design, Verification and Validation of a Novel
Large-Volume Production of Ghost Cells

Konstruktion, Verifizierung und Validierung einer neuartigen
Grofdmengenproduktion von Ghost Cells

Von der Fakultidt fiir Maschinenwesen der
Rheinisch-Westfalischen Technischen Hochschule Aachen
zur Erlangung des akademischen Grades eines
Doktors der Ingenieurwissenschaften genehmigte Dissertation

vorgelegt von
Malte Schops

Berichter: Univ.-Prof. Dr.-Ing. Ulrich Steinseifer
Univ.-Prof. Dr.-Ing. Andreas Jupke

Tag der miindlichen Priifung:  16. November 2021






Aachener Beitrage zur Medizintechnik 69
Herausgeber:

Univ.-Prof. Dr.-Ing. Dr. med. Dr. h. c. Steffen Leonhardt

Univ.-Prof. Dr.-Ing. Klaus Radermacher

Univ.-Prof. Dr. med. Dipl.-Ing. Thomas Schmitz-Rode

Malte Schops

Design, Verification and Validation of a Novel
Large-Volume Production of Ghost Cells

RWTH

Shaker Verlag
Duren 2022



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.: D 82 (Diss. RWTH Aachen University, 2021)

Copyright Shaker Verlag 2022

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
ofthe publishers.

Printedin Germany.

ISBN 978-3-8440-8543-3

ISSN 1866-5349

Shaker Verlag GmbH ¢ Am Langen Graben 15a « 52353 Diren

Phone: 0049/2421/99011-0 « Telefax: 0049/2421/99011-9
Internet: www.shaker.de ¢ e-mail: info@shaker.de



Acknowledgements

I am very grateful to Univ.-Prof. Dr.-Ing. Ulrich Steinseifer for giving me the
opportunity to do my PhD at the Department of Cardiovascular Engineering, RWTH
Aachen University, and for motivating me to submit my existing work as an
abstract in the first months, thus paving the way for me to attend conferences.
[ would like to thank Univ.-Prof. Dr.-Ing. Andreas Jupke for taking over the
co-reviewing. Although we only met briefly, I appreciate his calm presence and
encouragement.

Furthermore, I would like to thank the Dean and Univ.-Prof. Dr.-Ing. Jérg Feldhusen
for taking over the chairmansip. I always had pleasant overlappings during my
entire studies with him. His great spirits infected the entire lecture hall at all times
and underlined his successful teaching.

A very special thanks goes to my friend and colleague Matthias Menne, being an
incredible bundle of energy. He tirelessly motivated me during our tiramisu
sessions in the coffee kitchen, helped me at any time of the day or night, and took
apart every single paragraph in countless minutiae. It all started with apres ski hits
booming from his mobile phone across the institute floor, as we both ran our
experiments late at night once again. For every challenge we found feasible
solutions, contributing to the success of this work. Beyond that, he pointed out
long-term options of my chosen path.

Our chief scientist Johanna Clauser supervised me during my entire doctoral
studies, created the framework for my research, helped me with grant applications,
proofreading of my papers and eliminated self-doubts that repeatedly stood in my
way. Johanna kept listening to my post-doctoral plans and encouraged me to keep
going.

Without the support of many other people, my work could not have been that
successful. Sascha Grof3-Hardt supported me with expert advice and scientific
skills, as well as Michael Neidlin, who was able to inspire me with statistics even in
the final phase of my studies. Moreover, | would like to thank Mario Diedrich, who
performed the electrical design with persevering patience, programmed the
controller and saved a running blood experiment from the Eifel by remote control.



11 Acknowledgements

Furthermore, I would like to thank Sebastian Jansen, whose research project [ was
privileged to continue, llona Mager and Judith Maas, who helped me with the blood
experiments, Simon Sonntag, who taught me networking at the conferences, Jens
Beckers and the mechanical workshop, who made every crazy part for me and of
course Sabrina Herren, who held the whole institute together.

I am also very grateful for all my other friends outside the CVE, who always listened
to my problems, offered me times off and accompanied me during my way.
Especially if it was a relaxing afternoon in Andy and Laura Stahls’ sunny garden or
Jochen Rosenbrock, who took the whole parallel motion kinematics apart with me
in an evening action to find the bug.

In particular, I would like to thank my parents, my mother for her creative ideas
and encouraging words, that always supported me to make wise decisions.

My father was tirelessly patient to solve every math problem for me even in the
most inappropriate situations, e.g. via mobile phone while he was driving on the
highway. I would like to thank my parents for giving each of their children the
opportunity to achieve the education they chose, and they have four of those
children.

[ am incredibly thankful to my fiancée Judith Heindel, who always encouraged me
and was very patient in proofreading over and over again, even when her own
working day was long and tiring. Before a conference, she recorded for me — amid
moving boxes — my presentation for the next conference. Thus, she always helped
me to overcome my worries about the English language. Her tolerance for my
sudden new ideas and the happiness she brought to me when we cooked late at
night is something I appreciate tremendously about her.



I

Abstract

Mechanical circulatory support is mainly based on moving actuators in the
organism blood, such as the blades of centrifugal blood pumps. Using these devices
in the treatment of patients exposes blood to unusual stress, causing hemolysis.
Hemolysis is still one of the major challenges in the development of mechanical
circulatory support devices, apart from thrombocyte activation. Close to the
surface between rotor and blood, high shear stress acts on red blood cells. As soon
as shear stress exceeds a threshold value, it leads to hemolysis, destroying red
blood cells by rupturing their membranes.

The fluorescent hemolysis detection method (FHDM) developed by Jansen et al. !
investigates hemolysis in more detail. With this method, a spatial resolution of
hemolysis hotspots is realized based on ghost cells. Ghost cells are red blood cells
with reduced intracellular hemoglobin. The FHDM is limited by the small amounts
of ghost cells produced. Larger volumes would allow to perform this method even
according to international standards and on real size models of mechanical
circulatory support systems. The aim of this study was to develop a process
engineering system using semi-automatic mechatronic technology to increase
ghost cell production volume.

Until now, production volume was limited to 10.3 mL of ghost cells with a
hematocrit of 30% due to predominantly manual process steps. By
implementation of a novel semi-automated large-volume batch production system
(LVBPS) in the existing method, productivity was increased 22-fold while
multiplying process efficiency by 34 times. Time-consuming manual work such as
pipetting was supported by sensor-based process engineering. In addition to
increased efficiency, process monitoring was implemented in the system to ensure
consistent process parameters and semi-automation of the production process.
Moreover, the properties of ghost cells as blood substitute such as rheology and
deformability were maintained or even enhanced compared to manual production.
With the help of the LVBPS, the objective of producing large volumes of ghost cells
was successfully achieved.






Zusammenfassung

Mechanische Herz-Kreislauf-Unterstiitzung basiert grofdtenteils auf bewegten
Aktoren im Organismus Blut, wie beispielsweise die Rotoren von
Zentrifugalblutpumpen. Sobald diese Systeme bei der Therapie von Patienten zum
Einsatz kommen, wird das Blut auf3erordentlichen Belastungen ausgesetzt. Die
Hamolyse ist, neben der Thrombozytenaktivierung, nach wie vor eine der gréfiten
Herausforderungen bei der Entwicklung von mechanischen Herz-Kreislauf-
Unterstiitzungssystemen. Sobald die Schubspannungen einen Schwellwert
tiberschreiten, reifdt die Membran der roten Blutkérperchen und fiihrt zu deren
Zerstorung — der Hamolyse.

Um dieses Phdnomen genauer zu untersuchen, entwickelten Jansen et al.! die
sogenannte Fluorescent Haemolysis Detection Method (FHDM). Mit dieser
Methode wird zusatzlich zu der bisher bewahrten zeitlichen und quantitativen
Hamolyse-Evaluierung auch eine rdumliche Auflésung auf Basis von Ghost Cells
realisiert. Ghost cells bezeichnen rote Blutkorperchen mit reduzierter
intrazellularer Himoglobinkonzentration. Limitiert ist die FHDM jedoch durch das
geringe Volumen an Ghost Cells, das bisher produziert werden konnte. Grofiere
Volumina wiirden es erlauben, diese Methode auch an mechanischen
Herz-Kreislauf-Unterstiitzungssystemen realer Grofie und gemafs internationaler
Normen durchzufiihren.

Durch die Implementierung einer Halbautomatisierung in das etablierte manuelle
Verfahren mittels eines neuartigen Grofdvolumen-Batch-Produktionssystems
(LVBPS) konnte die Produktivitit um das 22-fache und die Effizienz um das
34-fache erhoht werden. Zeitaufwandige manuelle Arbeiten wie z.B. das
Pipettieren, werden nun durch sensorgesteuerte Verfahrenstechnik automatisiert.
Neben der gesteigerten Effizienz sorgt die Prozessiiberwachung fiir konstante
Prozessparameter und fiir eine Teilautomatisierung der Produktion. Dariiber
hinaus konnten die Eigenschaften des Blutersatzfluids wie Rheologie und
Verformbarkeit im Vergleich zur manuellen Produktion beibehalten oder sogar
verbessert werden. Mit Hilfe des LVBPS wurde das Ziel, grofse Mengen an Ghost
Cells herstellen zu konnen, erfolgreich umgesetzt.
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