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Nomenclature	

 

Symbol	 Unit	 Description	

ID	 mm	 Inner	diameter	

Np	 ‐	 Number	of	pumping	cycles	

p	 bar	 Pressure	

tp	 min	/	d	 Pumping	time	

Vǚ 	 L	min‐1	/	lpm	 Flow	rate	

VL	 L	 Fluid	volume	

η	 min‐1	 Strain	rate	
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1 Introduction	

Based	 on	 the	 experiments	 of	 the	 CTI	 project	 "Development	 of	 a	 magnetically	 mounted	 single‐use	

centrifugal	 pump	 for	 biopharmaceutical	 applications"	 (CTI	P‐Nr:	Flank	153),	 the	 investigations	 are	

extended	 using	 the	 protein	 shear	 stress	 model	 for	 lysozyme	 for	 the	 single‐use	 centrifugal	 pump	

PuraLev®	600SU.	A	4‐piston	diaphragm	pump	 is	 used	 for	 comparison.	 For	 this	purpose,	 the	 fluid	 is	

pumped	in	a	circuit	in	order	to	be	able	to	classify	the	pumps	used	with	regard	to	the	pump‐specific	shear	

stress	[1].	

The	 background	 is	 the	 relevance	 of	 the	 mechanical	 stress	 of	 pumps	 on	 proteins	 for	 downstream	

processing.	In	order	to	investigate	the	influence	of	different	pump	types	on	protein	quality,	lysozyme	

from	chicken	egg	protein	was	selected	as	a	model	protein.	This	14.3	kDa	(129	amino	acids)	enzyme	is	

characterized	by	good	availability	at	moderate	prices	and	has	already	been	used	several	times	in	the	

literature,	for	example	to	investigate	refolding	after	mechanical	stress	[2–4].	

In	order	to	determine	changes	in	the	enzyme,	an	activity	measurement	was	carried	out.	This	is	based	on	

a	 bacteriolysis	 reaction,	 which	 is	 measured	 photometrically	 once	 turbidity	 starts	 decreasing.	 A	

reduction	 in	 lysozyme	activity	was	expected	with	 increasing	mechanical	stress.	 In	addition,	dynamic	

light	 scattering	 (DLS)	 enabled	 a	 statement	 on	 structural	 changes	 and	 the	 aggregation	 of	 individual	

lysozyme	monomers.	No	size	exclusion	chromatography	(SEC)	was	used	as	 this	did	not	provide	any	

information	on	lysozyme	aggregation	in	previous	experiments	[1].	
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2 Material	and	methods	

The	 materials	 and	 methods	 used	 for	 the	 tests	 are	 shown	 below.	 The	 single‐use	 centrifugal	 pump	

PuraLev®	600SU	from	Levitronix®	GmbH	and	a	4‐piston	diaphragm	pump	were	used	as	comparative	

devices	in	the	experiments	to	determine	their	mechanical	stress	on	proteins.	

	

Table	1:	 Equipment	and	materials	used.	

Devices	 Type	 Vendor	

Photometer	 Ultrospec	3000	pro	 Amersham	

Flow	sensor	 Clamp‐on	Ultraschall‐Sensor	 Levitronix®	GmbH	

Flow/pressure	monitor	
LCO‐i100.1	
LCO‐i600.1	 Levitronix®	GmbH	

Particle	measuring	device	 Zetasizer	 Malvern	Instruments	

Thermostat	 Minichiller‐H1	 Huber	

Storage	tanks	 Chemap	
3.5	L	and	12	L	stainless	steel	
reactors	with	double	jacket	

	

	

Table	2:	 Consumable	material.	

Material	 Type	 Vendor	 Produkt‐No.	

Pressure	sensors	 3/8ʺ	Tülle	 PendoTECH	 PREPS‐N‐038	

Disposable	cuvettes	 Makro,	Semi‐Mikro	 Greiner	bio‐one	 614101,	613101	

Disposable	syringes	 Omnifix	10	mL	 B.	Braun	 4617100V	

Reagent	tubes	 1.5	mL	Safe	Lock	 Eppendorf	 0030	120.086	

Tubing	for	clamp‐on	flow	sensors	
Pharma‐80	Tubing	
0.375"	x	0.563"	 Dow	Corporation	 1811070‐1015	

Tubing	for	reduction	of	cross	
section	

Silikon	transparent	
6	x	2	mm	 Maagtechnic	AG	 10075335	

Silicone	tubing	for	container	outlet	
Cole‐Parmer	95623‐
10	1"	ID	 Cole‐Parmer	 95623‐10	

Tubes	 15	mL	 Corning	 430791	
	

	

Table	3:	 Chemicals	and	substances.	

Product	 Vendor	 Product	No.	 Lot‐No.	

Potassium	dihydrogen	phosphate,	
monobasic	 Sigma‐Aldrich	 P5655‐1KG	 SLBQ1072V	

Potassium	hydroxide	 Sigma‐Aldrich	 P1767‐1KG	 SZBB0740V	

Lysozyme	of	chicken	egg	white	 Sigma‐Aldrich	 L6876‐100G	 SLBQ0509	

Micrococcus	lysodeikticus,	
lyophilised	 Sigma‐Aldrich	 M3770‐5G	 SLBR1182V	
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2.1 Preparation	of	the	required	solutions	

A	 66	mM	 phosphate	 buffer	 was	 used	 for	 the	 lysozyme.	 For	 this	 purpose,	 KH2PO4	 was	 dissolved	 in	

ultrapure	water	and	the	pH	was	adjusted	to	6.24	using	1	M	KOH.	For	the	pumping	tests,	a	lysozyme	stock	

solution	with	a	concentration	of	20	g	L‐1	was	prepared,	which	was	added	to	the	pre‐tempered	phosphate	

buffer	 for	 the	 start	 of	 the	 test.	 The	 target	 lysozyme	 concentration	 in	 the	 storage	 tank	 was	 1	g	L‐1,	

resulting	in	the	required	amounts	of	lysozyme	stock	solution	and	phosphate	buffer	as	shown	in	Table	4.	

A	 suspension	 of	 lyophilized	 Micrococcus	 lysodeicticus	 with	 a	 concentration	 of	 0.015	%	 (w/v)	 in	

phosphate	buffer	was	prepared	as	substrate	for	the	enzyme	activity	determination.	

	

Table	4:	 Overview	of	the	required	buffer	and	lysozyme	stock	volumes	with	indication	of	the	respective	
protein	concentration.	

	 PuraLev®	600SU,	4‐piston	diaphragm	pump	

Lysozyme	stock	 20	g	L‐1	

Target	concentration	 1	g	L‐1	

Overall	volume	 2	L	/		4	L	

Volume	phosphate	buffer	 1900	mL	/		3800	mL	

Volume	lysozyme	stock	 100	mL		/		200	mL	
	

2.2 Experimental	setup	

The	 experimental	 setup	 for	 the	 determination	 of	 the	 stress	 acting	 on	 the	 lysozyme	 basically	

corresponded	to	the	configuration	of	the	previous	experiments	(See	Figure	1)	[1].	Two	identical	3.5	L	

reactors	or	two	identical	12	L	stainless	steel	reactors	with	a	double	jacket	were	used	per	experiment.	

The	temperature	was	controlled	by	a	thermostat	via	the	double	jacket	to	a	constant	value	of	42	°C.	

 

Figure	1:	 Schematic	representation	of	the	experimental	setups	for	the	Levitronix®	PuraLev®	600SU	
(P1)	and	4‐piston	diaphragm	pump	(P2).	(S1)	and	(S2)	sampling	valve	Clave	Connector,	(B1)	
and	 (B2)	 storage	 tank,	 (W1)	 thermostat,	 (FI1)	 and	 (FI2)	 flow	 sensor,	 (PI1)	 and	 (PI2)	
pressure	sensor.	
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2.3 Pump	test	

Before	the	experiments,	the	reactors	were	autoclaved	empty	to	inactivate	any	residual	substances.	The	

reactors	were	 subsequently	 filled	with	 the	 required	 volume	 of	 phosphate	 buffer	 (See	 Table	 4)	 and	

tempered	to	42	°C	at	low	pump	speed.	After	connecting	the	measuring	devices,	the	pressure	and	flow	

sensors	were	calibrated	with	the	pumps	switched	off,	and	the	test	parameters	(flow	rate	via	pump	speed	

and	 back	 pressure	 via	 length	 of	 tubing	 with	 ID	 6	mm)	 were	 set	 immediately	 before	 starting	 the	

experiment.	To	start	the	experiment,	the	required	volume	of	lysozyme	stock	solution	(See	Table	4)	was	

added	to	the	temperature‐controlled	phosphate	buffer	and	the	reactor	content	was	pumped	for	about	

2‐3	minutes	 to	 achieve	 a	 homogeneous	 mixing	 of	 the	 lysozyme	 solution.	 During	 the	 experiment,	

pressure,	temperature	and	flow	were	regularly	checked,	recorded	online	and	readjusted	if	necessary.	

Sampling	was	carried	out	with	Luer‐Lock	syringes	via	a	sampling	port	on	the	lid	of	the	reactors.	The	

Luer‐Lock	port	is	connected	to	a	tube	inside	the	reactor,	which	reached	into	the	lysozyme	test	solution.	

For	sampling,	a	primary	volume	of	about	3‐4	mL	was	taken	and	discarded.	Subsequently,	a	4	mL	sample	

was	taken,	transferred	into	a	15	mL	Falcon	tube	and	cooled	down	on	ice.	

‐ 1	mL	 of	 this	 sample	was	pipetted	 into	 an	Eppendorf	 tube	 for	 the	 activity	measurement	 and	

stored	at	4	°C	

‐ 1	mL	was	pipetted	into	an	Eppendorf	tube	for	the	dynamic	light	scattering	measurement	with	

the	Zetasizer	and	stored	at	4	°C	

‐ 2	mL	were	stored	in	reserve	at	4	°C	

2.4 Overview	of	experiments	

The	planned	experimental	conditions	are	shown	in	Table	5	below.	Because	of	 the	different	 flow	and	

strain	rates	of	the	lysozyme	solution	with	a	concentration	of	1	g/L,	different	pumping	times	resulted.	

Therefore,	 all	 experiments	 were	 standardized	 to	 an	 equal	 number	 of	 40,000	 pumping	 cycles	 NP	

according	to	equation	1.	η	represents	the	strain	rate	in	1/Minute	and	tP	the	pumping	time	in	minutes	or	

days.	The	strain	rate	results	from	the	flow	rate	Vǚ 	in	lpm	and	the	total	volume	VL	in	litres.	

	

௉ܰ ൌ ߟ ∙ 	௉ݐ Equation	1	

ߟ ൌ ሶܸ
௅ܸ

ൗ 	 Equation	2	

	

To	ensure	 a	 constant	 strain	 rate	of	 5	min‐1	 for	 all	 experiments,	 the	 volumes	VL	were	 adapted	 to	 the	

desired	flow	rates	Vǚ .	The	duration	per	pump	experiment	was	5.6	days	or	133.33	h,	whereby	due	to	the	

use	of	two	reactors,	one	test	approach	always	consisted	of	a	parallel	run	of	a	PuraLev®	600SU	and	the	

4‐piston	diaphragm	pump.	
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Table	5:	 Overview	of	the	experiments	performed	regarding	the	stress	exposure	on	proteins	

No.	 Pump	
Flow	rate	

Vǚ 	
[lpm]	

Pressure	
p	

[bar]	

Strain	rate	
η	

[min‐1]	

Volume	
VL	
[L]	

Pumping	
time	tP	
[d]	

Pumping	
cycles	
NP	

P1.1	 PuraLev®	600SU	 10	 1.5	 5	 2	 5.6	 40000	

P2.1	 PuraLev®	600SU	 10	 2	 5	 2	 5.6	 40000	

P3.1	 PuraLev®	600SU	 10	 2.5	 5	 2	 5.6	 40000	

P4.1	 PuraLev®	600SU	 20	 1.5	 5	 4	 5.6	 40000	

P5.1	 PuraLev®	600SU	 20	 2	 5	 4	 5.6	 40000	

P6.1	 PuraLev®	600SU	 19	a	 2.5	 5	 3.8	a	 5.6	 40000	

P1.2	 4‐piston	diaphragm	pump	 10	 1.5	 5	 2	 5.6	 40000	

P2.2	 4‐piston	diaphragm	pump	 10	 2	 5	 2	 5.6	 40000	

P3.2	 4‐piston	diaphragm	pump	 10	 2.5	 5	 2	 5.6	 40000	

P4.2	 4‐piston	diaphragm	pump	 20	 1.5	 5	 4	 5.6	 40000	

P5.2	 4‐piston	diaphragm	pump	 20	 2	 5	 4	 5.6	 40000	

P6.2	 4‐piston	diaphragm	pump	 19	a	 2.5	 5	 3.8	a	 5.6	 40000	
a	 At	maximum	speed,	only	19	L	min‐1	instead	of	the	desired	20	L	min‐1	were	achieved,	so	the	volume	

had	to	be	slightly	reduced	for	a	constant	stress	rate.	
	

2.5 Enzyme	activity	measurements	

The	activity	measurement	of	the	lysozyme	was	carried	out	according	to	an	internal	SOP	(See	Appendix,	

SOP	‐	Enzyme	activity	measurement	of	lysozyme).	The	assay	is	based	on	first	order	enzyme	kinetics,	

which	are	assumed	for	the	following	reaction.	

ሻݐܿܽݐሺ݅݊	ݏݑܿ݅ݐ݇݅݁݀݋ݏݕ݈	ݏݑܿܿ݋ܿ݋ݎܿ݅ܯ
௟௬௦௢௭௬௠௘
ሱۛ ۛۛ ۛۛ ሮۛ 	ሻ݀݁ݏݕሺ݈	ݏݑܿ݅ݐ݇݅݁݀݋ݏݕ݈	ݏݑܿܿ݋ܿ݋ݎܿ݅ܯ

During	 the	 reaction,	 the	 photometer	 Ultrospec	 3000	 pro	 (Amersham/GE‐Healthcare)	 was	 used	 to	

record	the	decrease	in	turbidity	of	the	bacterial	suspension	due	to	the	lytic	effect	of	the	lysozyme.	The	

enzyme	activity	 is	determined	via	 the	(negative)	 increase	 in	 the	extinction	curve.	This	 is	higher,	 the	

faster	 the	 turbidity	 decreases.	 The	 measurements	 of	 the	 samples	 were	 always	 carried	 out	 after	 a	

completed	experimental	approach.	Up	to	this	time	the	samples	were	stored	at	4	°C.	

	

2.6 Dynamic	light	scattering	method	

With	 the	 dynamic	 light	 scattering	 method	 (DLS),	 the	 size	 of	 suspended	 particles	 in	 liquid	 can	 be	

determined.	 The	 method	 is	 based	 on	 the	 principle	 of	 Brownian	molecular	 motion,	 whereby	 larger	

particles	move	more	slowly	and	smaller	particles	move	more	quickly.	With	DLS,	the	speed	of	particle	

movement	 is	measured	 by	means	 of	 scattered	 light	 by	 detecting	 fluctuations	 in	 light	 intensity.	 The	

resulting	diffusion	coefficient	 is	used	to	calculate	the	hydrodynamic	particle	diameter	(diameter	of	a	

sphere	with	the	same	diffusion	coefficient	as	the	particles).	
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The	measurement	is	performed	using	the	Zetasizer	Nano	ZS	(Malvern	Instruments	Ltd),	which	gives	a	

particle	size	distribution	in	the	form	of	histograms.	For	evaluation,	the	diameters	of	the	most	frequently	

represented	particle	sizes	are	determined	 for	each	sample.	Since	Brownian	particle	motion	 is	highly	

dependent	on	temperature	and	viscosity,	the	measurement	was	carried	out	at	a	constant	temperature	

of	20	°C.	Since	all	samples	of	a	test	batch	were	first	measured	after	completion	of	the	same,	the	samples	

were	stored	at	4	°C	until	this	time.	
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3 Results	and	Discussion	

In	 the	 experiments	P1.1	 and	P1.2,	 the	PuraLev®	600SU	was	 compared	with	 the	 4‐piston	diaphragm	

pump	at	a	flow	rate	of	10	L	min‐1	and	a	pressure	of	1.5	bar.	The	results	of	the	activity	measurement	are	

shown	in	Figure	2.	A	standardized	representation	was	used	for	evaluation	in	order	to	ensure	a	better	

comparability	of	the	results.	For	this	purpose,	the	activity	was	set	to	100	%	at	the	start	of	the	test	and	

the	remaining	values	were	related	to	 it.	The	flow	rate	and	pressure	data	recorded	online	during	the	

experiment	are	shown	in	Figure	3	for	both	pumps.	

Enzyme	 activity	 did	 not	 change	 significantly	 for	 the	 PuraLev®	600SU	 during	 the	 entire	 test.	 The	

fluctuations	are	within	an	acceptable	margin	of	error.	In	contrast	to	the	Levitronix®	centrifugal	pump,	

the	4‐piston	diaphragm	pump	showed	a	significant	decrease	in	activity	after	just	4	hours,	which	then	

dropped	to	zero	after	about	14,000	pump	cycles	(48	hours).	

	

Figure	2:	 Results	 of	 the	 activity	 and	 dynamic	 light	 scattering	 measurements	 during	 pump	
experiments	P1.1/P1.2	with	the	PuraLev®	600SU	and	the	4‐piston	diaphragm	pump	at	a	flow	
rate	of	10	lpm	and	a	pressure	of	1.5	bar.	
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Figure	3:	 Representation	of	the	online	recorded	pressure	and	flow	rates	during	the	experiment	for	
the	PuraLev®	600SU	(P1.1	‐	left)	and	the	4‐piston	diaphragm	pump	(P1.2	‐	right)	at	a	flow	
rate	of	10	lpm	and	a	pressure	of	1.5	bar.	

	

The	change	in	the	protein	was	optically	visible	as	the	lysozyme	solution	in	the	4‐piston	diaphragm	pump	

became	 increasingly	 cloudy	during	 the	pumping	 experiment	 (See	 Figure	 4).	 This	 turbidity	 indicates	

possible	 aggregations	 of	 proteins	 or	 protein	 components.	 It	 can	 clearly	 be	 seen	 that	 the	 amount	 of	

sediment	or	the	degree	of	turbidity	increased	with	the	duration	of	the	experiment	and	remained	more	

or	less	constant	from	sample	6	on	(48	h).	This	correlates	with	the	results	of	the	activity	measurements,	

in	which	no	activity	could	be	measured	after	48	hours.	

 	

  

Figure	4:	 Visible	 turbidity	of	 the	 lysozyme	solution	 in	experiment	P1.1/P1.2	at	10	lpm	and	1.5	bar	
with	 the	 4‐piston	 diaphragm	 pump	 (right).	 The	 upper	 images	 show	 the	 turbidity	 in	
sedimented	state	and	those	below,	after	mixing	the	samples.	The	samples	of	the	centrifugal	
pump	show	no	turbidity	or	aggregates	(pictures	on	the	left).	

	

The	 results	 of	 the	 experiment	 show	 that	 the	PuraLev®	600SU	 exerts	 less	 shear	 stress	 on	 the	model	

protein	lysozyme	than	the	4‐piston	diaphragm	pump.	This	could	be	proven	by	the	enzyme	activity	and	

the	resulting	turbidity.	In	addition	to	the	activity	measurements,	the	DLS	method	was	used	to	investigate	

the	aggregation	of	the	lysozyme.	This	resulted	in	constant	particle	sizes	in	the	range	of	3.6	±	0.1	nm	for	

the	PuraLev®	600SU	over	the	entire	period.	However,	the	particle	size	of	the	4‐piston	diaphragm	pump	

increased	 strongly	 within	 the	 first	 4	h	 (1.8	±	0.4	μm),	 which	 can	 be	 seen	 from	 the	 turbidity	 of	 the	
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lysozyme	solution.	 In	the	following	period,	a	 further	 increase	 in	particle	size	to	a	maximum	value	of	

4.6	±	1.7	μm	was	observed.	

The	results	of	the	following	experiments	P2.1	‐	P6.1	and	P2.2	‐	6.2	with	higher	pressures	of	up	to	2.5	bar	

and	 flow	 rates	 of	 up	 to	 20	lpm	 are	 shown	 in	 Figure	 5	 and	 demonstrate	 comparable	 results	 to	

experiments	P1.1	and	P2.2.	Only	experiments	P4.2	(20	lpm	and	1.5	bar)	and	P6.2	(19	lpm	and	2.5	bar)	

showed	 a	 slower	 decrease	 in	 enzyme	 activity.	 Furthermore,	 a	 sudden	 decrease	 in	 the	 flow	 rate	 to	

18.3	lpm	was	observed	in	experiment	P6.2	after	a	pumping	time	of	41	h,	which	in	the	subsequent	run	

slowly	dropped	to	approx.	17	lpm	(See	Appendix,	Raw	data	P6.1/P6.2	(19	lpm,	2.5	bar)).	However,	there	

was	no	apparent	explanation	for	this	circumstance,	nor	for	the	difference	between	the	slower	decrease	

in	enzyme	activity	at	20	lpm	and	1.5	bar	and	19	lpm	and	2.5	bar	compared	to	all	other	tests.	

In	summary,	it	can	be	concluded	that	the	Levitronix®	PuraLev®	600SU	does	not	cause	any	damage	to	

the	model	protein	lysozyme	under	the	operating	conditions	tested,	while	a	change	in	the	protein	with	

loss	 of	 activity	 occurred	 with	 the	 reference	 pump.	 In	 this	 respect,	 the	 experiments	 to	 extend	 the	

investigations	carried	out	in	the	CTI	project	"Development	of	a	single‐use	magnetic	bearing	centrifugal	

pump	for	biopharmaceutical	applications"	(CTI	P‐Nr:	Flank	153)	provide	a	useful	supplement.	The	high	

stress	exerted	on	the	protein	by	the	4‐piston	diaphragm	pump	could	be	due	to	its	functional	principle	

and	the	hydrophobicity	of	the	material	used	[1,2].	
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Figure	5:	 Results	of	the	activity	and	dynamic	light	scattering	measurements	during	the	pumping	tests	
with	 the	PuraLev®	600SU	and	 the	4‐piston	diaphragm	pump	at	a	 flow	rate	of	10	lpm	and	
2.0	bar	(P2.1/P2.2	‐	a),	10	lpm	and	2.5	bar	(P3.1/P3.2	‐	b),	20	lpm	and	1.5	bar	(P4.1/P4.2	‐	c),	
20	lpm	and	2.0	bar	(P5.1/P5.2	‐	d)	and	19	lpm	and	2.5	bar	(P6.1/P6.2	‐	e).	
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Raw	data	P1.1/P1.2	(10	lpm,	1.5	bar)	
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10 lpm; p=1.5 bar Quattroflow 1200‐SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 2.9 0.8 0.0

2 4 848.7 246.3 1200.0

4 8 1835.7 423.0 2400.0

6 12 1730.7 253.2 3600.0

7 24 1821.3 292.1 7200.0

9 48 4596.3 1669.1 14400.0

11 96 2795.7 1810.6 28800.0

13 133.33 3153.3 1466.8 40000.0

10 lpm; p=1.5 bar PuraLev® 600SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 2.4 0.6 0.0

2 4 3.6 0.0 1200.0

4 8 3.6 0.0 2400.0

6 12 3.6 0.0 3600.0

7 24 3.6 0.0 7200.0

9 48 3.0 0.5 14400.0

11 96 2.7 0.4 28800.0

13 133.33 2.1 0.3 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 
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Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0248 24.4 100.0% 0.0 0.0251 24.8 100.0% 0.000388

2 600.0 0.0247 24.3 99.6% 600.0 0.0256 25.3 102.0% 0.000388

4 1200.0 0.0247 24.3 99.7% 1200.0 0.0241 23.8 95.9% 0.000388

6 1800.0 0.0245 24.1 98.8% 1800.0 0.0239 23.5 95.1% 0.000388

8 2400.0 0.0248 24.5 100.2% 2400.0 0.0231 22.7 91.7% 0.000388

10 3000.0 0.0251 24.7 101.1% 3000.0 0.0226 22.2 89.6% 0.000388

12 3600.0 0.0246 24.2 99.0% 3600.0 0.0218 21.4 86.4% 0.000388

24 7200.0 0.0250 24.6 100.8% 7200.0 0.0154 15.0 60.7% 0.000388

36 10800.0 0.0247 24.3 99.7% 10800.0 0.0053 4.9 19.7% 0.000388

48 14400.0 0.0251 24.7 101.1% 14400.0 0.0004 0.0 0.1% 0.000388

72 21600.0 0.0258 25.4 104.0% 21600.0 0.0001 ‐0.3 0.0% 0.000388

96 28800.0 0.0248 24.4 99.8% 28800.0 0.0000 ‐0.4 0.0% 0.000388

120 36000.0 0.0249 24.5 100.3% 36000.0 0.0000 ‐0.4 0.0% 0.000388

133.33 40000.0 0.0257 25.3 103.5% 40000.0 0.0000 ‐0.3 0.0% 0.000388

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity Time 

Buffer 
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Raw	data	P2.1/P2.2	(10	lpm,	2.0	bar)	

	

Flow and pressure PuraLev
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10 lpm; p=2.0 bar Quattroflow 1200‐SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.2 0.7 0.0

2 4 1652.7 292.1 1200.0

4 8 1899.3 157.0 2400.0

6 12 1640.0 135.1 3600.0

7 24 1416.3 117.2 7200.0

9 48 1416.3 117.2 14400.0

11 96 4484.0 1264.7 28800.0

13 133.33 4582.3 378.7 40000.0

10 lpm; p=2.0 bar PuraLev® 600SU
Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 0.6 0.3 0.0

2 4 2.5 0.9 1200.0

4 8 2.9 0.7 2400.0

6 12 3.3 0.5 3600.0

7 24 2.5 0.9 7200.0

9 48 3.3 0.5 14400.0

11 96 3.6 0.0 28800.0

13 133.33 3.3 0.3 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 
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Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0204 20.2 100.0% 0.0 0.0202 20.0 100.0% 0.000188

2 600.0 0.0194 19.2 94.9% 600.0 0.0188 18.6 93.2% 0.000188

4 1200.0 0.0195 19.3 95.6% 1200.0 0.0182 18.0 90.2% 0.000188

6 1800.0 0.0193 19.1 94.8% 1800.0 0.0170 16.9 84.3% 0.000188

8 2400.0 0.0196 19.4 95.9% 2400.0 0.0156 15.5 77.2% 0.000188

10 3000.0 0.0201 19.9 98.4% 3000.0 0.0138 13.6 68.0% 0.000188

12 3600.0 0.0196 19.4 96.2% 3600.0 0.0129 12.7 63.4% 0.000188

24 7200.0 0.0193 19.1 94.5% 7200.0 0.0079 7.8 38.7% 0.000188

36 10800.0 0.0200 19.9 98.3% 10800.0 0.0009 0.7 3.5% 0.000188

48 14400.0 0.0198 19.6 97.2% 14400.0 0.0001 ‐0.1 0.0% 0.000188

72 21600.0 0.0197 19.5 96.4% 21600.0 0.0001 ‐0.1 0.0% 0.000188

96 28800.0 0.0214 21.2 104.9% 28800.0 0.0003 0.1 0.4% 0.000188

120 36000.0 0.0215 21.3 105.4% 36000.0 0.0005 0.3 1.7% 0.000188

133.33 40000.0 0.0199 19.7 97.4% 40000.0 0.0003 0.1 0.7% 0.000188

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity 

Time 

Buffer 
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Raw	data	P3.1/P3.2	(10	lpm,	2.5	bar)	
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10 lpm; p=2.5 bar Quattroflow 1200‐SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.3 0.3 0.0

2 4 2829.0 453.8 1200.0

4 8 1808.7 157.0 2400.0

6 12 2321.3 339.8 3600.0

7 24 2724.0 635.7 7200.0

9 48 5054.0 438.2 14400.0

11 96 3815.0 1640.2 28800.0

13 133.33 4801.0 0.0 40000.0

10 lpm; p=2.5 bar PuraLev® 600SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 2.2 1.7 0.0

2 4 2.7 0.8 1200.0

4 8 3.6 0.0 2400.0

6 12 3.5 0.3 3600.0

7 24 3.5 0.3 7200.0

9 48 3.6 0.0 14400.0

11 96 3.5 0.3 28800.0

13 133.33 3.6 0.0 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 
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Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0258 25.7 100.0% 0.0 0.0253 25.1 100.0% 0.000144

2 600.0 0.0250 24.8 96.8% 600.0 0.0243 24.1 96.1% 0.000144

4 1200.0 0.0257 25.6 99.5% 1200.0 0.0235 23.4 93.0% 0.000144

6 1800.0 0.0251 24.9 97.0% 1800.0 0.0225 22.4 89.1% 0.000144

8 2400.0 0.0255 25.4 98.9% 2400.0 0.0216 21.4 85.3% 0.000144

10 3000.0 0.0259 25.8 100.5% 3000.0 0.0203 20.1 80.2% 0.000144

12 3600.0 0.0254 25.3 98.6% 3600.0 0.0192 19.1 75.9% 0.000144

24 7200.0 0.0256 25.5 99.3% 7200.0 0.0072 7.0 28.0% 0.000144

36 10800.0 0.0263 26.1 101.8% 10800.0 0.0001 0.0 0.0% 0.000144

48 14400.0 0.0256 25.5 99.2% 14400.0 0.0001 ‐0.1 0.0% 0.000144

72 21600.0 0.0262 26.0 101.3% 21600.0 0.0003 0.2 0.6% 0.000144

96 28800.0 0.0258 25.7 100.0% 28800.0 0.0000 ‐0.1 0.0% 0.000144

120 36000.0 0.0260 25.9 100.9% 36000.0 0.0000 ‐0.1 0.0% 0.000144

133.33 40000.0 0.0262 26.1 101.5% 40000.0 0.0000 ‐0.1 0.0% 0.000144

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity 

Time 

Buffer 
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Raw	data	P4.1/P4.2	(20	lpm,	1.5	bar)	

	

Flow and pressure PuraLev
®
 600SU 

Flow and pressure 4-piston diaphragm pump 
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20 lpm; p=1.5 bar Quattroflow 1200‐SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.5 0.3 0.0

2 4 842.0 196.5 1200.0

4 8 1063.9 188.0 2400.0

6 12 918.7 162.2 3600.0

7 24 1348.7 117.2 7200.0

9 48 1484.0 0.0 14400.0

11 96 4900.0 1143.2 28800.0

13 133.33 5560.0 0.0 40000.0

20 lpm; p=1.5 bar PuraLev® 600SU

Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.1 0.0 0.0

2 4 2.2 1.0 1200.0

4 8 3.1 0.0 2400.0

6 12 3.1 0.0 3600.0

7 24 3.0 0.2 7200.0

9 48 2.7 0.0 14400.0

11 96 3.2 0.7 28800.0

13 133.33 3.1 0.5 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 
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Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0264 26.4 100.0% 0.0 0.0262 26.1 100.0% 0.000075

2 600.0 0.0269 26.8 101.7% 600.0 0.0254 25.3 96.7% 0.000075

4 1200.0 0.0265 26.4 100.2% 1200.0 0.0251 25.0 95.7% 0.000075

6 1800.0 0.0258 25.7 97.7% 1800.0 0.0249 24.8 94.9% 0.000075

8 2400.0 0.0259 25.8 97.9% 2400.0 0.0255 25.4 97.2% 0.000075

10 3000.0 0.0257 25.6 97.2% 3000.0 0.0248 24.7 94.7% 0.000075

12 3600.0 0.0261 26.0 98.8% 3600.0 0.0245 24.5 93.6% 0.000075

24 7200.0 0.0258 25.8 97.7% 7200.0 0.0225 22.5 86.0% 0.000075

36 10800.0 0.0259 25.9 98.1% 10800.0 0.0205 20.5 78.3% 0.000075

48 14400.0 0.0260 25.9 98.3% 14400.0 0.0197 19.6 75.0% 0.000075

72 21600.0 0.0260 25.9 98.2% 21600.0 0.0014 1.3 5.0% 0.000075

96 28800.0 0.0265 26.4 100.3% 28800.0 0.0005 0.5 1.8% 0.000075

120 36000.0 0.0268 26.7 101.3% 36000.0 0.0002 0.2 0.6% 0.000075

133.33 40000.0 0.0263 26.2 99.3% 40000.0 0.0001 0.1 0.2% 0.000075

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity 

Time 

Buffer 
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Raw	data	P5.1/P5.2	(20	lpm,	2.0	bar)	

	

Flow and pressure PuraLev
®
 600SU 

Flow and pressure 4-piston diaphragm pump 
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20 lpm; p=2.0 bar Quattroflow 1200‐SU
Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.1 0.0 0.0

2 4 2352.0 549.1 1200.0

4 8 2950.3 243.6 2400.0

6 12 3254.0 282.3 3600.0

7 24 3956.7 326.2 7200.0

9 48 4582.3 378.7 14400.0

11 96 5560.0 0.0 28800.0

13 133.33 5560.0 0.0 40000.0

20 lpm; p=2.0 bar PuraLev® 600SU
Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 2.4 1.3 0.0

2 4 2.1 1.3 1200.0

4 8 2.6 1.7 2400.0

6 12 3.0 0.6 3600.0

7 24 2.4 1.2 7200.0

9 48 3.1 0.5 14400.0

11 96 2.6 0.9 28800.0

13 133.33 1.9 1.5 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 
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Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0260 25.9 100.0% 0.0 0.0271 27.0 100.0% 0.000143

2 600.0 0.0262 26.0 100.6% 600.0 0.0255 25.4 94.2% 0.000143

4 1200.0 0.0261 26.0 100.3% 1200.0 0.0259 25.8 95.7% 0.000143

6 1800.0 0.0266 26.5 102.3% 1800.0 0.0253 25.1 93.3% 0.000143

8 2400.0 0.0268 26.7 103.0% 2400.0 0.0240 23.9 88.7% 0.000143

10 3000.0 0.0266 26.4 102.2% 3000.0 0.0228 22.7 84.2% 0.000143

12 3600.0 0.0266 26.5 102.4% 3600.0 0.0223 22.1 82.1% 0.000143

24 7200.0 0.0259 25.8 99.6% 7200.0 0.0143 14.1 52.4% 0.000143

36 10800.0 0.0271 26.9 104.0% 10800.0 0.0019 1.8 6.7% 0.000143

48 14400.0 0.0266 26.5 102.4% 14400.0 0.0002 0.1 0.3% 0.000143

72 21600.0 0.0265 26.3 101.8% 21600.0 0.0001 0.0 0.0% 0.000143

96 28800.0 0.0266 26.4 102.1% 28800.0 0.0001 ‐0.1 0.0% 0.000143

120 36000.0 0.0264 26.2 101.3% 36000.0 0.0002 0.1 0.2% 0.000143

133.33 40000.0 0.0265 26.3 101.7% 40000.0 0.0002 0.0 0.0% 0.000143

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity 

Time 

Buffer 
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Raw	data	P6.1/P6.2	(19	lpm,	2.5	bar)	

	

Flow and pressure PuraLev
®
 600SU 

Flow and pressure 4-piston diaphragm pump 
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P
re

ss
ur

e 
[b

ar
] 

F
lo

w
 [l

pm
] 

Flow 
Pressure 

Time [h] 

P
re

ss
ur

e 
[b

ar
] 

F
lo

w
 [l

pm
] 

Flow 
Pressure 



 

Zurich University of Applied Sciences 

 

Page 32 

	

	

	

19 lpm; p=2.5 bar Quattroflow 1200‐SU
Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.3 0.3 0.0

2 4 2.9 0.8 1200.0

4 8 1416.3 117.2 2400.0

6 12 1416.3 117.2 3600.0

7 24 1730.7 253.2 7200.0

9 48 3113.3 455.9 14400.0

11 96 5307.0 438.2 28800.0

13 133.33 5088.3 817.0 40000.0

19 lpm; p=2.5 bar PuraLev® 600SU
Sample Time [h] Average Vol. [nm] STABW Vol. [nm] Pumpzyklen

0 0 3.1 0.0 0.0

2 4 2.9 0.5 1200.0

4 8 3.3 0.3 2400.0

6 12 3.6 0.0 3600.0

7 24 3.1 0.0 7200.0

9 48 3.1 0.0 14400.0

11 96 3.5 0.3 28800.0

13 133.33 3.3 0.3 40000.0

Samples PuraLev
®
 600SU sedimented 

Samples PuraLev
®
 600SU suspended 

Samples 4-piston diaphragm pump sedimented 

Samples 4-piston diaphragm pump suspended 

Measuring data of DLS method 

4‐piston diaphragm pump 
Pump cycles 

Pump cycles 



 

Zurich University of Applied Sciences 

 

Page 33 

	

	

	

	 	

Puffer

Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Anzahl Durchläufe Slope abs. Aktivität rel. Aktivität Slope

[‐] A450/min [10
3
 U/mL] [%] [‐] A450/min [10

3
 U/mL] [%] A450/min

0 0.0 0.0265 26.4 100.0% 0.0 0.0277 27.5 100.0% 0.000143

2 600.0 0.0263 26.2 99.3% 600.0 0.0273 27.1 98.6% 0.000143

4 1200.0 0.0257 25.5 96.7% 1200.0 0.0261 26.0 94.5% 0.000143

6 1800.0 0.0261 26.0 98.5% 1800.0 0.0257 25.5 92.8% 0.000143

8 2400.0 0.0262 26.1 98.8% 2400.0 0.0259 25.8 93.7% 0.000143

10 3000.0 0.0263 26.2 99.2% 3000.0 0.0255 25.3 92.0% 0.000143

12 3600.0 0.0261 25.9 98.2% 3600.0 0.0254 25.2 91.8% 0.000143

24 7200.0 0.0259 25.8 97.6% 7200.0 0.0254 25.2 91.7% 0.000143

36 10800.0 0.0260 25.9 98.1% 10800.0 0.0242 24.0 87.3% 0.000143

48 14400.0 0.0266 26.5 100.4% 14400.0 0.0195 19.4 70.4% 0.000143

72 21600.0 0.0260 25.8 97.8% 21600.0 0.0008 0.7 2.5% 0.000143

96 28800.0 0.0263 26.1 99.1% 28800.0 0.0002 0.0 0.1% 0.000143

120 36000.0 0.0277 27.5 104.4% 36000.0 0.0000 ‐0.1 0.0% 0.000143

133.33 40000.0 0.0266 26.5 100.4% 40000.0 0.0002 0.0 0.1% 0.000143

Quattroflow 1200‐SU

Zeit [h]

PuraLev® 600SU

Data of enzyme activity measurements 

4‐piston diaphragm pump 

   Number of cycles        Slope        Abs. activity     rel. activity    Number of cycles        Slope        Abs. activity     rel. activity 

Time 

Buffer 
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SOP	‐	Enzyme	activity	measurement	of	lysozyme	
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