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1 Introduction�
� 2�%� /��� ��22�#(&�  %�)� !#� �"�� 5!����"#�(�9&� !#) %��&� '��� $/�!� %� /��(!�/�!�#%� !#�  �1� /#)�

)�0#1%���/2!#9������%%�%,� �#�/((� �"�%�������%%�%�� �"�� ��((%� /����.��%�)� ���)!''���#��3!#)%�/#)�

2/9#!� )�%��'�2��"/#!�/(�'����%,��#�2�%���/%�%��2��"/#!�/(�%���%%�!%�9�#��/(!:�)�/%�%"�/��%���%%��

5 ����((%��/#�/(%��5��)/2/9�)�5&�#��2/(�9�/)!�#�%�;�/#9���<�������=+888>?,��%���!/((&�/#!2/(�

��((� � (� ��%� /��� 5�(!�$�)� ��� 5�� %�#%!�!$�� ��� 2��"/#!�/(� %���%%� ) �� ��� �"�� ��((� %!:�� /#)� �"�!��

2���"�(�9&� ;�"!%�!� =-@@4>?,� ��%!)�%� (�%%� !#� 5!�(�9!�/(� /��!$!�&�� ��((� )!%� ��!�#� �/#� (�/)� ��� �"��

��(�/%���'���((���2��#�#�%�/#)��#�!�"2�#���'���((�)�5�!%�!#��"��� (� ���2�)!/,���#����# 2��� %�

%� )!�%�"/$��5��#�)�%��!5�)�����5�/!#���!�!�/(�%"�/��$/( �%�'���)!''���#����((�(!#�%,��#�2�%���/%�%��

%!2�(�� ��%�� %&%��2%�� % �"� /%� �/�!((/�!�%� ;��A ��#� et� al.� =-@B@>C���((��� et� al.� =+886>C� "�2/%�

=-@@4>?� ��� $!%��2����%� ;�/�)!3/��et� al.� =+888>?�� "/$�� 5��#� %�)� ��� '!#)� �����(/�!�#%� 5��0��#�
%"�/��'�����/#)�/#!2/(���((�$!/5!(!�&,���

��0�%� )!�%�"/$��5��#��/��!�)�� �����%� )&��"���''�����'�� 2�%�/#)�$/($�%��#���((%�;
/#)/#��#�et�
al.� =-@@@>C��(!/%�et�al.� =+886>C� D/� �#�et�al.� =-@@->?,� D/� �#�et�al.�=-@@@>�!#$�%�!9/��)��"��%"�/��
%���%%��'�2!���/(9/(���((�% %��#%!�#%��/ %�)�5&�)!''���#��� 2�%,�"��/ �"��%��� ()�%"�0��"/��/�

(�%%��'�2!���/(9/(�2��!(!�&��/#�5�� %�)�/%�/#�!#)!�/����'�����((�)/2/9�,����0/%�)�2�#%��/��)��"/��

��#��!' 9/(�/#)����/�&�$/#����%!�!$��)!%�(/��2�#��� 2�%��/ %����((�)/2/9���5 ��#���''����0/%�

�5%��$�)�0!�"�����#��!��������� 2�%����/����!%�/(�!��� 2��;D/� �#�et�al.�=-@@@>?,�E/2/�/� �et�al.�
=+8-8>� %� )!�)� �"�� �''���� �'� )!''���#�� � 2�� ���/�!�#/(� %���)%� /#)� %(!�� ��#)!�!�#%� �#� ����

% %��#%!�#���((%�!#�/����/�&���%!�!$��)!%�(/��2�#��� 2�,��"�&��� ()�%"�0��"/���"��%(!��'(�0��/���

2����%�$���(&�!2�/��%��"��$!/5!(!�&��'��"��������((%��"/#��"��� 2��%���),�� ��"��2�����/�#�$�(�

2/�"�2/�!�/(� 2�)�(!#9� /����/�"� 0/%� ���%�#��)� 0"!�"� ���)!��%� ��((� )/2/9�� 5/%�)� �#� /#�

/#/(&�!�/(�%�( �!�#��'��"��	/$!��1���3�%��F /�!�#�'���(/2!#/��'(�0%�;E/2/�/� �et�al.�=+8-8>?,��
�� #�$�(� ��#�!# � %1'(�0�� ��#��!' 9/(1�&��� ���/�&� � 2�� #/2�)� ��#��!�/9� 0/%� )�$�(���)� 5&�

��$!���#!.�!#��"��(/%��&�/�%,����0/%�)�%!9#�)�'���� 2�!#9�5(��)����$!)!#9�"�2�)&#/2!��% ������

'����/�!�#�%�0!�"���$��%!5(��$�#��!� (/�� '/!( ��,�"����#��!�/9�5(��)�� 2�� �!(!:�%�/#� !2��((���

�"/�� !%� % %��#)�)� 5&� 2/9#��!�� '����%� /$�!)!#9� �"�� �.!%��#��� �'� %"/'�%� /#)� %�/(%�  %�)� 5&�

��/)!�!�#/(� 5(��)� � 2�%,� ��#���� /%%��!/��)� ���5(�2%� % �"� /%� "�/�� 9�#��/�!�#�� �"��25 %�

'��2/�!�#� /�� #)� �"�� %�/(%� /#)� !#'���!�#� /��� �''���!$�(&� �(!2!#/��)� ;�" /� et� al.� =+88G>?,� � "��
!##���'( !)�'(�0�0/%�!#$�%�!9/��)�5&��"��/!)��'���2� �/�!�#/(�'( !)�)&#/2!�%�=���>,����(�/#�/#)�

%���/2(!#�)�'(�0�'!�()�!#��"��2/!#���2��#�#�%��'��"����#��!�/9�5(��)�� 2��0/%�)�2�#%��/��)�

;�"/#9� et� al.� =+88G>?,� � ��"��2����� "�2�(&%!%� %� )!�%� 0���� ���'��2�)� '��� '(�0� �/��%� �'� 7,8�

�H2!#�;�"/#9�et�al.�=+88G>?�/#)�4,6��H2!#�;�/"#�=+8-8>?,����"���"��"�2�(&%!%���%�%�/#)��"������

%!2 (/�!�#�%"�0�)�#��%!9#!'!�/#��"!9"�%"�/��%���%%���9!�#%,�

"�� /!2� �'� �"�� ���%�#�� �������� 0/%� �"�� �$/( /�!�#� �'� 2��"/#!�/(� %���%%� �/ %�)� �#� ����

% %��#%!�#� ��((%� 5&� �"�� 2/9#��!�/((&� )�!$�#� ��#��!' 9/(� � 2�� ��$!���#!.� ���1+88,� ���� �"!%�

� ���%���)!''���#�����/�!�#/(�%���)%� !#� �"���/#9���'�-788����G888���2�0���� !#$�%�!9/��),�0��

���!%�/(�!��� 2�%�0���� %�)�/%���'���#���%&%��2%�=%���%���!�#�+,7>,��))!�!�#/((&��������((%�0����

!#� 5/��)�!#�#�#1%"/3�#�%"/3��'(/%3�=�/((�)�%�/�!��� (� ��>��!#�0"!�"�%"�/��%���%%��/#�5��/%% 2�)�

/%�#�9(!9!5(�,�
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2 Materials�and�Methods�

+,- ��((��.�/#%!�#�!#�/�0/$�12!.�)�%&%��2�

"������% %��#%!�#���((%�=CHO�XM111�10>�0����� (�!$/��)�!#��"��%!#9(�1 %��0/$�12!.�)�%&%��2�

�!�*/$�I� +8�� 0!�"� /� 2/.!2 2�0��3!#9� $�( 2�� �'� -8� (!���� =%��� �!9,� ->,� �"�2!�/((&� )�'!#�)�

� (� ��� 2�)!/� =��1-�� ��((� � (� ��� ��"#�(�9!�%�� �0!�:��(/#)>� 0/%�  %�),� "�� 5!���/����� 0/%�

!#�� (/��)�0!�"���((%�'��2�%"/3��'(/%3%�/��/#�!#!�!/(�0��3!#9�$�( 2���'�+,8���/#)�/���((�)�#%!�&��'�

8,7�.�-8G���((%H2�,� �"��� (�!$/�!�#�0/%���/(!:�)� !#� '�)15/��"�2�)�� =/))!�!�#��'� '��%"�2�)! 2�

)���#)!#9� �#� ��((� 9��0�"� /%� 0�((� /%� % 5%��/��� /#)� 2��/5�(!��� ��#��#��/�!�#>,� *"�#� �"��

2/.!2 2� 0��3!#9� $�( 2�� �'� -8� (!���%� /#)� /� ���/(� ��((� )�#%!�&� �'� 4,7� .� -8G� ��((%H2�� 0����

��/�"�)�� ��((� % %��#%!�#� '��� �"�� %���%%� �.���!2�#�%�0/%� "/�$�%��),� ��0�$���� /� %2/((� '�/��!�#�

=/5� �� 8,7��>� 0/%� ��2/!#�)� /%� !#�� ( 2� '��� �"�� #�.�� � (�!$/�!�#� �&�(�� !#� �"�� �!�*/$�I,� ��

)��/!(�)� �����) ��� !%� )�%��!5�)� 5&� �!5(� /#)� �!5(� =+88J>� !#� �"�� 5��3� �"/����� K�!%��%/5(��

5!���/����%� '��� !#�� ( 2� ���) ��!�#� /#)� �����!#� �.���%%!�#L� =!#� ���"�)%� !#� �!����"#�(�9&��


�(,�+6M� �#!2/(� ��((� �!����"#�(�9&M� ���"�)%� /#)� �������(%�� +#)� �),�� �)!��)� 5&M� �,� �N��#����

� 2/#/����%%���#�,�����0/��	D>,�

�

�

Fig.�1:�� Picture�of�the�cultivation�system�BioWave®�20L�for�cell�expansion.�

�

����!#1�����%%���#���(�%/2�(�%��'�/5� ��+�2��0�����/3�#�0!�"�/�%���!(��%&�!#9��/��(�/%���0!���/�

)/&�� )���#)!#9� �#� ��((� 9��0�"� /#)� 2�)! 2� /))!�!�#,� 
!/5(�� /#)� ���/(� ��((� )�#%!�&� 0/%�

)����2!#�)� /%� )�%��!5�)� !#� %���!�#� +,4,� ��%!)�%�� ��#��#��/�!�#%� �'� 9( ��%��� (/��/���� 9( �/2!#���

9( �/2/��� /#)� /22�#! 2� /%� 0�((� /%� �"�� ��� $/( �� 0���� F /#�!'!�)�  %!#9� /� 2 (�!� 5!�%�#%���

/#/(&%!%�%&%��2��!����'!(��-88��( %�=�/5��1�&%��2���(O3!9��������0!�:��(/#)>,��

�

�

�

�

�
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+,+ ���(!2!#/�&���%��!#�/�%"/3��'(/%3�

�#� �.���!2�#�� !#� /� +78�2�� %"/3�� '(/%3�0/%� ��/(!:�)� ��� $/(!)/��� �"�� % !�/5!(!�&� �'� �"�� $!�/(!�&�

/%%/&����$!)�)�5&��"�2�2�����/%�)�%��!5�)�!#��"���������������%/(,�"��$!�/(!�&�/%%/&��#/5(�%�

���)�������"/#9�%�!#�!#��/��(( (/��(�$�(��'�=��) ��)>��"!�(%�0"!�"���� ��!#�/������!����((%������((%�

 #)��9�!#9���"����/�"�(�9!�/(������%%�%,� �"��� (�!$/�!�#�0/%���/(!:�)�/��/�0��3!#9�$�( 2���'�

B8� 2�� /#)� �"�� !#!�!/(� ��((� ��#��#��/�!�#� 0/%� %��� ��� -,8�.�-8G���((%H2�,� "�� %"/3�� '(/%3� 0/%�

!#� 5/��)� /�� 4J� P�� !#� /#� !#� 5/����0!�"� J,7�Q� ��+� % ��(&,� "�� %"/3!#9� '��F �#�&�0/%� %��� ���

-+8���2,� ��((� 9��0�"� /#)� ���'!(�%� �'� % 5%��/��� /#)�2��/5�(!��� ��#��#��/�!�#%� 0���� /#/(&:�)�

0!�"� �"�� / ��2/��)� ��((� �� #�!#9� )�$!��� ��)�.� �!��%� =���"�� �##�$/�!%� ��>� /#)� �"�� 2 (�!�

5!�%�#%���/#/(&:����!����'!(��-88��( %�=�/5��1�&%��2���(O3!9��������0!�:��(/#)>,��

�

Cell intensity
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1.0

1.5

2.0

�
Fig.�2:�� Result� of� the� vitality� assay� using� NC�3000.� VitaBright�48� intensity� is� displayed� in� the�

histogram.� Cells� with� low� thiol� level� (apoptotic� cells)� are� found� at� the� lower� end� of� the�
histogram.�The�red�marker�is�placed�by�the�user�and�divides�the�cell�population�into�two�
subpopulations.�

�

"��$!�/(!�&�/%%/&�0/%�)�#��/%�)�%��!5�)�!#��"��/��(!�/�!�#�#����4887����$!)�)�5&��"�2�2�����

=%���/���#)!.>,���������%�#�/�!$��/(!F ����'��"����((�% %��#%!�#�0/%�2!.�)�0!�"���/9�#��%�( �!�#�

7�=
�16BR��R����
!�/��!9"�16B>�/#)�48�S���'��"!%�%�( �!�#�0/%�(�/)�)�!#����"���"/25����'�/�	�1

�(!)���+T,� �"����(( (/�� '( ���%��#��� !%�F /#�!'!�)�5&��"��/ ��2/��)���((� �� #����	�14888�/#)�

�"��
!�/��!9"�16B�!#��#%!�&�!%�)!%�(/&�)�5&��"��/���2�/#&!#9�%�'�0/��,�"����((���� (/�!�#��/#�

5��)!$!)�)�!#����0��=���2���>�% 5��� (/�!�#%�5&��(/�!#9�/�2/�3���!#��"��"!%��9�/2�=%����!9,�+>,�

�

�

�

�

�

�
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+,4 �����2!#/�!�#��'���((���#��#��/�!�#�/#)�$!/5!(!�&�

��/(� /#)� $!/5(�� ��((� )�#%!�!�%� 0���� 2�/% ��)� / ��2/�!�/((&� 0!�"� �"�� ��((� �� #�!#9� )�$!��%�

	 �(���� #���I� 	�1-88� =�"�2�������� ��#2/�3>� /#)� ��)�.� �!��%� =���"�� �##�$/�!%� ����

���2/#&>� =%��� �!9,� 4>,� "�� 	 �(���� #���I� !%� 5/%�)� �#� �"�� '( ���%��#��� )�����!�#� �'� �"��

'( ���%��#��)&�������!)! 2�!�)!)��=��>�0"!�"�5� #)�����	�,���% (�%� '��2��"��	 �(���� #���I�

�����%�#���!�"������/(����#�#1$!/5(����((���#��#��/�!�#��)���#)!#9��#��"��%/2�(������/�/�!�#,���#�

�"�� ��)�.� �!��%� )�$!���� �"�� ��22�#� ��&�/#� 5( �� �.�( %!�#� 2��"�)� !%� /��(!�),� ��%!)�%� �"��

)�#%!�!�%��'�$!/5(��/#)�)�/)���((%��/99��9/�!�#��/������((�2���"�(�9&��/#)���((�)�5�!%�/���)������)�

5&�"!9"1��%�( �!�#�)!9!�/(�!2/9������9#!�!�#,�

�

/� � � � � � 5� �

� � �

Fig.�3:�� Automatic� cell� counting� devices.� (a)� Cedex� HiRes� (Roche� Innovatis� AG,� Germany)�

[source:�http://www.research�ins.com/]� and� (b)� NucleoCounter� NC�100� (Chemometec,�

Denmark)�[source:�http://www.licor.com/].�

�

"�� $!/5!(!�&� !%� )�'!#�)� /%� �"�� �/�!�� �'� (!$!#9� =$!/5(�>� ��((� )�#%!�&� ��� �"�� ���/(� ��((� )�#%!�&� /%�

!#)!�/��)�5&��F,�-��0"�������������/#)���������%�#���"��(!$!#9��)�/)�/#)����/(���((�)�#%!�!�%,�

�

TCD
DCDTCD

TCD
LCD[%]Viability �

��
� � � � � � � (1)�

�

�

�

�

�

�

�

�
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+,6 �����2!#/�!�#��'���((�)�/�"�3!#��!�%�

���� F /#�!'!�/�!�#� /#)� �$/( /�!�#� �'� 2��"/#!�/(� %���%%�� �"�� 3!#��!�%� �'� �"�� $!/5(�� ��((� )�#%!�&�

)��/&� 0/%� 2�)�(�)� /%% 2!#9� '!�%�� ��)��� 3!#��!�%�� 0"!�"� �/#� 5�� )�%��!5�)� 5&� �"�� '�((�0!#9�
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Fig.�4:�� Regression� model� for� cell� death� kinetics.� The� cell� death� coefficient� kD� is� obtained� by�
plotting� the� logarithmic�viable�cell�density�against� the� time�and�determining�the�slope�of�
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�#��"��� 2����%�%���"����)!''���#��� 2�%�0���� %�)��/%�%"�0#�!#��!9,�7�/#)�G,��#�/))!�!�#�����"��
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Fig.�5:�� Schematic� of� the� test� setup.� � The� cell� suspension� is� pumped� with� the� three� pumps�
Levitronix�BPS�200�(1a),�Masterflex®�I/P�Easy�Load�(1b)�and�Masterflex®�L/S�Cole�Parmer�
(1c)� in� closed� loops� from�beakers� (6)�placed� in�a�water�bath� (7)�which� is� tempered�by�a�
pipe� coil� (4)� connected� to� a� thermostat.� The� flow� rate� and� pressure�were�monitored� by�
ultrasonic�clamp�on�flow�sensor�(2)�and�pressure�sensor�(3).�The�restriction�of�the�tubing�
was�realized�by�a�hose�clip�(5)�in�the�test�cases�2,�3�and�4.��
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Fig.�6:�� Picture�of�the�test�setup.��The�Levitronix�BPS�200�(1)�was�tested�against�the�two�reference�
peristaltic�pumps�Masterflex®�I/P�Easy�Load�(2)�and�Masterflex®�L/S�Cole�Parmer�(3).�
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3 Results�and�discussion�

4,- �(�0��/��%�

"��'(�0��/��%�)���#)!#9��#��"��� 2�!#9��/�/2����%�0�����$/( /��)�5&��/3!#9��"���!2��#��)�)�

���� 2��6�(!���%�� ���'��"��5�/3���/#)�5&�2�/% �!#9��"��'(�0��/���0!�"��"���(/2�1�#�'(�0�%�#%��,�

�%�%"�0#� !#��!9,�J��)!''���#��%��'�/5� ��-8� ���-7Q�5��0��#� �"�� �0��2�/% ��2�#�� ���"#!F �%�

0�����5%��$�)�'���/((�!#$�%�!9/��)��/%�%,�"�%��)!''���#��%��/#�5��/���% (���'�5��"��"��2�/% �!#9�

���"#!F ��/#)� �"�� '(�0�%�#%��,�"�� '(�0�2����� !%� '/5�!�/��)�/#)�� %��21�/(!5�/��)� '���/�0!)��

�/#9�� �'� � 5!#9� %!:�%� /#)� 2/���!/(%� ;�/#%�#!�� %&%��2%� =+8-8>?�� 5 �� #�� %���!'!�� !#'��2/�!�#�

�� ()�5�� '� #)�/5� ��2�/% �!#9�/�� �/�&� !#� %��0!�"� �"��/��(!�)� � 5!#9,�� �� ��� �"���5�/!#�)�

)!''���#��%�� �"��$/( �%��'� �"�� '(�0��/���2�/% ��)�5&� �"���(/2�1�#�%�#%���0������������)�0!�"�

�"���5�/!#�)�'/����%�) �!#9��"��%���%%��.���!2�#�%,��
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Fig.�7:�� Measured� flow� rates� depending� on� pumping� settings� for� the� Levitronix� BPS�200� (a),�
Masterflex®�I/P�Easy�Load�(b)�and�Masterflex®�L/S�Cole�Parmer�(c).�
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4,+ � 2���"/�/����!%�!���'��"�����1+88�� 2��

���� �"�� )����2!#/�!�#� �'� �"�� ��$!���#!.� ���1+88� � 2�� �"/�/����!%�!��� �"�� '(�0� �/��� 0/%�

2�/% ��)�0!�"��"���(/2�1�#�'(�0�%�#%���/��$/�&!#9����/�!�#/(�%���)%�!#��"���/#9��5��0��#�-788�

/#)�G888���2,�
/�!/�!�#��'��"�����%% ���0/%���/(!:�)�5&���#%��!��!#9��"��� 5!#9�0!�"�/�"�%���(!��

/%�!#��"��%���%%��.���!2�#�%,�� ������"��(!2!��)�2�/% ��2�#���/#9���'��"��'(�0�%�#%�����#(&�'(�0�

�/��%�5�(�0�-8��H2!#��� ()�5��2�/% ��),��%�%"�0#�!#��!9,�B��/��(�/��)����/%���'��"��'(�0��/��%�

'��� "!9"��� 5/�31���%% ��%� 0/%� �5�/!#�)� '��� �"�� ��/(!:�)� � 2�� %���)%�� 0"!�"� !%� �&�!�/(� '���

!2��((��1)�!$�#�� 2�%,���

����"!9"������/�!�#/(�%���)%��'��"��� 2��!��0/%�2����)!''!� (�����/)� %���"�����%% ���5&��"�� %�)�

"�%�� �(!��� 5��/ %�� 2!#!2/(� %���0!#9� (�)� ��� %!9#!'!�/#�� �"/#9�%� !#� ���%% ��,� " %�� �"�� � 2��

%���)�0/%�#���%���/5�$��7888���2�!#��"��5!�(�9!�/(�%���%%��.���!2�#�%,�
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Fig.�8:�� Pump� characteristic� of� the� Levitronix� BPS�200� pump� estimated� for� different� rotational�
speeds� between� 1500� and� 6000� rpm.� Symbols� indicate� measured� data.� The� lines� were�
obtained�by�non�linear�regression.�
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4,4 �$/( /�!�#��'�$!�/(!�&�/%%/&�

�%� )�%��!5�)� !#� %���!�#� +,+�� �"�� $!�/(!�&� /%%/&� ���$!)�)� 5&� �"�2�2����� !%� )�%!9#�)� ��� )������

�"/#9�%� !#� �"�� !#��/��(( (/�� (�$�(� �'� =��) ��)>� �"!�(%� 0"!�"� /��� /#� !#)!�/���� �'� /�����%!%�

=���9�/22�)���((�)�/�">������"����/�"�(�9!�/(������%%�%�;%���/���#)!.?,�����!#%������((%�=�!9"�

�!$�T>�� !�� 0/%� )�2�#%��/��)� !#� � �� 0��3!#9� 9�� �� �"/�� �"�� $!�/(!�&� /%%/&� �/#� !#)!�/��� �/�(&�

!#��/��(( (/���"/#9�%���$�#�0"�#��"��)����2!#�)�$!/5!(!�&� !%�%�!((�"!9"�;�!�%�et�al.�=+8-8>?,�� �"�
!#��/��(( (/���"/#9�%�/��� ��9/�)!#9�/%���((� %���%%� ��%��#%�%,�" %�� !��0/%� !#$�%�!9/��)�0"��"���
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Fig.�9:�� Growth�kinetics�of�CHO�suspension�cells�in�single�use�250�mL�shake�flask.�(a)�Cell�densities�
measured� with� NucleoCounter� NC�100.� (b)� Glucose� and� lactate� concentration� measured�
with�Bioprofile�100.�Symbols�indicate�measured�data,�the�lines�are�regression�curves.�
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Fig.�10:��Time�course�of�the�vitality�obtained�by�the�vitality�assay.�For�the�evaluation�of�vitality,�the�
cell�population�was�divided�in�two�subpopulations�(see�section�2.2).�The�first�sample�was�
used�as�reference.�
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3.4.1 First�test�case�
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Fig.�11:��Time�dependent�viable�(a)�and�total�(b)�cell�densities�of�the�cell�suspension�pumped�with�
3.4�L/min�without�back�pressure.�Additional,�values�for�the�static�culture�are�given.�
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Fig.�12:��Time�dependent�viability�of�the�cell�suspension�pumped�with�3.4�L/min�without�back�
pressure.�Additional,�values�for�the�static�culture�are�given.�
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Tab.��4:��Initial�values�for�cell�densities�and�concentrations�before�start�of�pumping�
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Fig.�13:��Time�dependent�viable�(a)�and�total�(b)�cell�densities�of�the�cell�suspension�pumped�with�
3.4�L/min�with�a�back�pressure�of�190�mmHg.��
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Fig.�14:��Time�dependent�viability�of�the�cell�suspension�pumped�with�3.4�L/min�at�a�back�pressure�
of�190�mmHg.�Additional,�values�for�the�static�culture�are�given.�

�

3.4.3 Third�test�case�

�#��"���"!�)���%���/%����"�����/�!�#/(�%���)��'��"����$!���#!.����1+88�0/%�%������6+88���2�0!�"�/�

5/�31���%% ����'�+BB�22�9�=4B7�25/�>��0"!�"�(�/)%�����"��%/2��'(�0��/����'�4,6��H2!#�/%�!#��"��
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Tab.��5:�Initial�values�for�cell�densities�and�concentrations�before�start�of�pumping�
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Fig.�15:��Time�dependent�viable�(a)�and�total�(b)�cell�densities�of�the�cell�suspension�pumped�with�
3.4�L/min�at�a�back�pressure�of�288�mmHg.��
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Fig.�16:��Time�dependent�viability�of�the�cell�suspension�pumped�with�3.4�L/min�with�a�back�
pressure�of�288�mmHg.�Additional,�values�for�the�static�culture�are�given.�
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Fig.�17:��Time�dependent�glucose�(a)�and�lactate�(b)�concentrations.��
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�%�2�#�!�#�)�5�'������"��� (� ���2�)! 2���#�/!#%�9( ��%���'�/5� ��-,+�9H��/���"��5�9!##!#9�=%���

�!9,� -J>,� �� ��) ��!�#� �'� 9( ��%�� ��#��#��/�!�#� �$��� �"�� ��2�(���� �����%%�0/%� �5%��$�)� !#� /((�

%/2�(�%� 0!�"� '!#/(� 9( ��%�� ��#��#��/�!�#%� 5��0��#� 8,J� /#)� -,84� 9H�,� "�� %���!'!�� % 5%��/���

��#% 2��!�#� �/��� 0/%� )����2!#�)� ��� 5�� /5� �� 6� 29H=-84� $!/5(�� ��((%� X� ">� '��� �"�� ���1+88�

��#��!' 9/(�� 2��0"!�"�!%��#(&��#�1��#�"��'��"����#% 2��!�#��/����/(� (/��)�'����"��� (�!$/�!�#�

!#�%"/3��'(/%3�)�%��!5�)�!#�%���!�#�4,4�=)/�/�#���%"�0#>,�"��(/��/�����#��#��/�!�#�!#���/%�)�!#�

�"�� %/2�� �!2�� '��2� �"�� !#!�!/(� $/( �� �'� -,@G� 9H�� ��� $/( �%� 5��0��#� +,87� /#)� +,44� 9H�,�

	�$���"�(�%%��#����((�9��0�"�0/%�'� #)�=#�!�"���!#��"��%�/�!��� (� ��>,��

3.4.4 Fourth�test�case�
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Tab.��6:�Initial�values�for�cell�densities�and�concentrations�before�start�of�pumping�
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Fig.�18:��Time�dependent�viable�(a)�and�total�(b)�cell�densities�of�the�cell�suspension�pumped�with�

3.4�L/min�at�a�back�pressure�of�425�mmHg.��
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Fig.�19:��Time�dependent�viability�of�the�cell�suspension�pumped�with�3.4�L/min�with�a�back�

pressure�of�425�mmHg�determined�with�NucleoCounter®�NC�100.�Additional,�values�for�the�

static�culture�are�given.�
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Fig.�20:��Time�dependent�viability�of�the�cell�suspension�for�the�fourth�test�case�determined�with�
Cedex�HiRes.�For�the�static�culture�no�additional�measurements�were�realized.�
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3.4.5 Additional�indicators�for�mechanical�stress�
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Fig.�21:��Time�dependent�average�cell�diameter�determined�by�Cedex�HiRes®�for�the�third�test�case�
(a)�and�the�fourth�test�case�(b).�
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�.�(/!#�)� 5&� ��((� 5��/3/9�� /#)� �"�� '��2/�!�#� �'� ��((� )�5�!%,� ��0�$���� #�� �(�/�� �����(/�!�#�

5��0��#�2��"/#!�/(�%���%%�/#)� �"����% (�!#9���((�)!/2�����0/%� '� #),����� �"!%���/%�#�� �"����((�
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Fig.�22:���Typical�histograms�of�the�cell�diameter�for�(a)�non�stressed�and�(b)�mechanical�stressed�
cells�determined�by�cell�counter�Cedex�HiRes.��
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4,7 �$/( /�!�#��'�2��"/#!�/(�%���%%�5&���((�)�/�"�3!#��!�%�

�%�)!%� %%�)�!#��"�����$!� %�%���!�#%��2��"/#!�/(�%���%%�)��/ %�)��#�����% %��#%!�#���((%�0/%�

�$/( /��)�5&��"���!2�1)���#)�#��$!/5(����((�)�#%!�&�/#)��"��$!/5!(!�&��0"!�"�!%��"���/�!���'�(!$!#9�
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�$/( /�!�#�/#)���2�/�!%�#��'�)!''���#��2��"/#!�/(�%���%%�$/( �%,���#�����"����((�)�/�"��/���0/%�

�/(� (/��)� '��� �/�"� �.���!2�#�� /%% 2!#9� '!�%�� ��)��� ��((� )�/�"� 3!#��!�%�� /%� �.�(/!#�)� !#�

%���!�#�+,6,��

"���/(� (/��)���((�)�/�"����''!�!�#��3��/#)��"��)����2!#/�!�#����''!�!�#�%��+�/���% 22/�!:�)�!#�

/5,�J,��#�9�#��/(��!���/#�5��%��#��"/���"��)�/�"���#%�/#�%�'����"�����1+88���#��!' 9/(�� 2��/���

%!9#!'!�/#�(&�(�0����"/#�'����"�����!%�/(�!��� 2�%��$����"����2�(�����/#9���'�!#$�%�!9/�!�#,�� ��

����"��(�0�$/( �%��'�3��=0"!�"�!%������%�#��)�5&��"��%(�����'��"��(�9/�!�"2!�/(�$!/5(����((�)�#%!�&�

�$��� �!2�>�� �"�� 2�)�(� ��9��%%!�#%� /��� �/�"���  #����/!#� ��% (�!#9� !#� (�0� $/( �%� '��� �"��

)����2!#/�!�#� ���''!�!�#�� =5��0��#� 8,-G+� /#)� 8,766>,� �#� ��#��/%��� �.��((�#�� /����.!2/�!�#%�

0���� '� #)� '��� �"�����!%�/(�!��� 2�%�=�+�Y�8,B7>��0"!�"�2�/#%��"/�� �"��)����/%���'�$!/5(����((�

)�#%!�&�!%�0�((����)!���)�5&�'!�%����)���3!#��!�%,�
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Tab.��7:�Results�of�the�regression�analysis�for�the�cell�death�kinetics.�

�(�0��/��� ���%% ��� ��$!���#!.�

���1+88�

�/%���'(�.I

�H����(���/�2���

�/%���'(�.I

�H���/%&���/)�

;��2!#1-?� ;25/�?� 3��;"1-?� �+ ;1? 3� ;"1-? �+ ;1? 3��;"1-?� �+ ;1?

4,6� G,7� 8,88@� 8,+84 8,-6- 8,@84 8,87+� 8,@6G

4,6� +74� 8,8+8� 8,+J+ 8,-44 8,@B+ 8,86G� 8,@@G

4,6� 4B7� 8,8-J� 8,766 8,8JJ 8,B@6 8,867� 8,BJG

4,6� 7GJ� 8,8-4� 8,-G+ 8,8J+ 8,JG@ 8,8J7� 8,@44
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"����((�)�/�"����''!�!�#��)����2!#�)�'����"����$!���#!.����1+88�!#���/%�)�'��2��"��'!�%������"��

%���#)��/%�� =3�� �!��/�)� 5(�)� '��2�8,88@� ���8,8+�"1->,�0�� ��/%�#%� '��� �"��"!9"���2��"/#!�/(�

%���%%�/�����%%!5(�,��#��"���#��"/#)�� �"��"!9"���2��"/#!�/(�%���%%��/#�5���/ %�)�5�� �"��� 2��

!�%�(',�*!�"�!#���/%!#9�� 2��%���)��"��'( !)�$�(��!�!�%�!#%!)���"��� 2��!#���/%��/%�%"�0#�5&�����

%!2 (/�!�#%�;�"/#9�et�al.�=+88G>?,�"��"!9"���'( !)�$�(��!�!�%�=��%����!$���"��"!9"����!��%���)��'�
�"��� 2��5(/)�%>���% (��!#�"!9"���� �5 (�#����0"!�"��/#�5��F /#�!'!�)�5&��"����&#�()%�# 25��,��

�" /�et�al.�=+88G>�9!$��/���&#�()%�# 25����'�/5� ��JBZ788�'���/����/�!�#/(�%���)��'�+888���2��

0"!�"�!%�2 �"�"!9"����"/#��&�!�/(���&#�()%�# 25����5%��$�)�) �!#9���((�� (�!$/�!�#������%%�%,�

 �5 (�#����0"!�"�!%�)�'!#�)�/%��"���1)!2�#%!�#/(�%���"/%�!����2���/(�'( �� /�!�#%��'��"��'( !)�

$�(��!�!�%�� !%� �'��#� /���!5 ��)� ��� 2��"/#!�/(� %���%%� �/ %�)� �#� ��((� � (� ��%� ;�"!%�!� =-@@4>C�

�"�!%�!=+888>C�*�((#&�=+888>?,��

�

Fig.�23:��CFD�predicted� distribution� of� normal� (middle)� and� shear� gradients� (right)� inside� a� tube�
with� a� restriction� similar� to� the� geometry� used� in� the� biological� experiments.� Red� color�
represents� highest� values,� blue� color� means� low� values.� The� main� flow� direction� is�
indicated�by�the�arrow�and�by�the�fluid�velocity�vectors.�
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�#� �"�� ��"��� "/#)�� �"�� "!9"��� ��((� )/2/9�� !#� �"�� %���#)� �/%�� �� ()� 5�� �.�(/!#�)� 5&� �"��

��%��!��!�#��'��"��� 5!#9,���/(!:!#9��"��%/2��'(�0��/����'�4,6��H2!#���"��� 5!#9�0/%���%��!���)�5&�/�

"�%�� �(!�� ��% (�!#9� !#� /� "!9"��� 5/�31���%% ��� �'� /5� �� +78� 25/�,� �#� )�!#9� %��� /#� /))!�!�#/(�

� �5 (�#�����9!�#�0!�"��#"/#��)�%"�/��/#)�#��2/(�9�/)!�#�%�0/%�!#���) ��)�����"���(�%�)�(����

=%����!9,�+4>,��#�/))!�!�#����� �5 (�#����"!9"�$�(��!�&�9�/)!�#�%�/�����#%!)���)�/%�2/!#���/%�#�'���

"&)��)&#/2!��%���%%��/(�"� 9"�!��!%�)!%� %%�)�!#�(!���/� ���0"��"�����((%�/���%���#9���!#'( �#��)�

5&� #��2/(� ��� %"�/�� 9�/)!�#�%� ;*�((#&� =+8-8>?,� ��0�$���� �"�� ��((� )�/�"� ���''!�!�#�%� �5�/!#�)�

0!�"��"���0�����!%�/(�!��� 2�%�)��#���)!''���%!9#!'!�/#�(&�5��0��#��"���0�����%% ��%�=��2�/���

�!9,�+4>,�" %��!���/#�5��/�9 �)��"/���"��"!9"���"&)��)&#/2!��%���%%��5�/!#�)�'����"����$!���#!.�

���1+88� � 2�� !#� �"�� %���#)� �/%��0/%� #��� /� ��% (�� �'� �"�� ��%��!��!�#� ��%����!$�� �"�� ���%% ���

)�����5 ��/���% (���'��"��"!9"������/�!�#/(�%���)�!#%!)���"��� 2�,��

��#��/�&�����.����/�!�#%�=5 ��/(��/)&�!#)!�/��)�5&��"���!2���� �%���'��"��$!�/(!�&>���"����((�)�/�"�

���''!�!�#�� )!)� #��� !#���/%�� !#� �"�� �"!�)� /#)� '� ��"� ��%�� �/%�%� =0"!�"� 2�/#%� 0!�"� "!9"���

���/�!�#/(� %���)� ��%����!$�����%% ��>,�"�� �/(� (/��)�3��$/( �� '��� �"����$!���#!.����1+88�0/%�

8,8-J�"1-�/#)�8,8-4�"1-� '���6+88���2�/#)�7888���2���%����!$�(&,����� �"���/%���'(�.I� �H����(��

�/�2��� �$�#� /� )����/%�� �'� 3��0/%� �5%��$�)� '��� �"�� "!9"��� � 2�� %���),� ������ �"�� ��((� )�/�"�
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�



�

���������������� � �!�"��#!$��%!�&��'����(!�)���!�#��%����*� �

�

26

Back pressure [mbar]

7 253 385 567

C
el

l d
ea

th
 c

oe
ffi

ci
en

t k
D
 [h

-1
]

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16
Levitronix BPS-200
Masterflex I/P Easy Load
Masterflex L/S Cole Parmer

�

Fig.�24:�Determined�cell�death�coefficients�for�the�three�pumps�against�the�rotational�speed�of�the�
Levitronix�BPS�200.��
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�%�)�%��!5�)�!#�%���!�#�4,6,4�/#)�4,6,6���"��2/!#�)!''���#�����9/�)!#9�����"����((�� (� ���0/%��"��

�/�"���"!9"���#��#��/�!�#��'���2/!#!#9�9( ��%��/���"���#)��'��"��� (�!$/�!�#���%����!$���"��%�/���

�'��"��� 2�!#9��.���!2�#�,�"��%(!9"�(&�"!9"�����((�)�#%!�&��'�4,8�.�-8G���((%H2����2�/��)����+,8�

/#)� +,7� .� -8G� ��((%H2�� !%� #��� �.�����)� ��� "/$�� /� %!9#!'!�/#�� !#'( �#��� �#� �"�� ��% (�%,� �%�

2�#�!�#�)� !#� %���!�#� 4,6,4�� #�� ��((� 9��0�"� 0/%� �5%��$�)� /(�"� 9"� ��2/!#!#9� 9( ��%�� 0/%�

��#% 2�),� ��#���� !�� �� ()� 5�� /�9 �)� �"/�� �"�� % 5%��/��� 0/%� ��#% 2�)� '��� 2/!#��#/#���

2��/5�(!%2��0"!�"�"/%�����#�!/((&�/���%!�!$���''�����#��"����%!%�!5!(!�&��'��"����((�� (� ���/9/!#%��

"&)��)&#/2!�� %���%%,� �))!�!�#/((&�� �"�� ��((%�  %�)� ) �!#9� �"�� '!�%�� �0�� �.���!2�#�%� 0����

���5/5(&��"�2!�/((&�%���%%�)�) ������"��(�0�9( �/2!#��/#)�9( ��%����#��#��/�!�#,��( ��%��!%��"��

�%%�#�!/(� �/�5�#� %� ���� '��� 2�%�� ��((� (!#�%� /#)� 9( �/2!#�� /%� /#� !2����/#�� %� ���� '��� �"��

%&#�"�%!%��'�� �!#�%���&�!2!)!#�%�/#)�/2!#��% 9/�%�;E���:2/��=+888>?,��

��� !%� 0�((13#�0#�� �"/�� /�����%!%� �/#� 5�� !#) ��)� 5&� �"�2!�/(� %���%%�� % �"� /%� (�0� % 5%��/���

��#��#��/�!�#%���� % 5���!2/(����$/( ��� ��% (�!#9� !#�2��"/#!�/((&�2���� %�#%!�!$�� ��((� � (� ��%,�

��0�$����#��(!���/� ���)/�/�0/%�'� #)���9/�)!#9����/���25!#/�!�#��'��"�2!�/(�/#)�2��"/#!�/(�

%���%%,���#�����"�%���"�#�2�#/�"/$�����5��' ��"���$/(!)/��),�

4 Conclusion�and�outlook�
"��/!2��'��"����������0/%�����$/( /���2��"/#!�/(�%���%%��/ %�)��#�����% %��#%!�#���((%�5&��"��

2/9#��!�/((&�)�!$�#���#��!' 9/(�� 2����$!���#!.����1+88,������"!%�� ���%���)!''���#�����/�!�#/(�

%���)%�!#��"���/#9���'�-788����7888���2�0����!#$�%�!9/��),��

�!''���#���/�/2����%�'����"���$/( /�!�#��'�2��"/#!�/(�%���%%�0������%��),��#�/����(!2!#/�&���%���

�"��$!�/(!�&�/%%/&����$!)�)�5&��"�2�2�����0/%�!#$�%�!9/��)�'���!�%�% !�/5!(!�&�!#��"��� 2����%�%�

/%� �''���)� !#� �"�� �������� �����%/(,� ��#��/�&� ��� �.����/�!�#%�� #�� ��(/�!�#� 5��0��#� ��((� 9��0�"�

��%����!$�� )�/�"� /#)� �"�� $!�/(!�&� =�����%�#��)� 5&� �"�� ��) ��)� �"!�(� ��#��#�� �'� �"�� ��((%>� 0/%�

'� #),����������% (�%�0�����5�/!#�)�0!�"��"��$!/5(����((�)�#%!�&�/#)�$!/5!(!�&�)����2!#�)�5&��0��

)!''���#�� / ��2/��)� ��((� �� #�!#9� )�$!��%�� 	 �(���� #���I� 	�1-88� /#)� ��)�.� �!��%,� �(�/��
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)����/%�%� �'� �"�� $!/5(�� ��((� )�#%!�&� 0���� 2�/% ��)�� !'� �"�� ��((%� 0���� 2��"/#!�/((&� %���%%�),�

�))!�!�#/(��/�/2����%�� % �"�/%�/$��/9����((�)!/2�����/#)���((� ��2�/��#�%%��0�����$/( /��),� ���

0/%�%"�0#���"/���"����((�)!/2�����/#)�!�%�)!%��!5 �!�#�/���% !�/5(��/%�/#�!#)!�/����'���2��"/#!�/(�

%���%%��5 ��#��F /#�!�/�!$�������(/�!�#%��� ()�5��'� #),�

�#�9�#��/(�� �"��2��"/#!�/(�%���%%��#�����% %��#%!�#���((%��/ %�)�5&�)!''���#��� 2�%��� ()�5��

$/(!)/��),� "�� '!�%�� �0�� �.���!2�#�%� %"�0�)� �"/�� /� "!9"��� � 2�!#9� %���)� =��%����!$�(&�

���%% ��>���% (�%�!#�"!9"�����((�)/2/9��'����"����#��!' 9/(�� 2���.���%%�)�5&�"!9"�����((�)�/�"�

�/��,�"�� �"!�)�/#)� '� ��"� ��%�� �/%�%� !#)!�/��)� �"/�� ' ��"��� !#���/%���'� �"��� 2��%���)�)��#���
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�"�2!�/(�%���%%��/����.�����)�����(/&�/���(�,�"��2��/5�(!%2��'�/#!2/(���((%�/#)��"�!����%��#%�%�

���%"�/��%���%%�/����/�"�����2�(�.�;E���:2���=+888>?,�" %���"�%���"�#�2�#/�"/$�����5��' ��"���

$/(!)/��),�

���� F /#�!'!�/�!�#� �'� 2��"/#!�/(� %���%%� /#)� F /#�!�/�!$�� ��2�/�!%�#� 5��0��#� �"�� )!''���#��

� 2�%�/#)� ��%�� ��#)!�!�#%�� ��9��%%!�#�2�)�(%�0����)�$�(���)�/%% 2!#9� '!�%����)��� ��((�)�/�"�

3!#��!�%,����)�/����.!2/�!�#%�=�����%�#��)�5&��"��)����2!#/�!�#����''!�!�#�>�0�����5�/!#�)�'���

�"�����!%�/(�!�� � 2�%,�"�� ��((� )�/�"� ���''!�!�#�%� '� #)� '��� �"����$!���#!.����1+88� ��#��!' 9/(�
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