
	

	

INVESTIGATION	OF	INFLUENZA	VIRUS	

PARTICLE	AGGREGATION	AND	PURIFICATION	

WITH	MAGNETIC	SULFATED	CELLULOSE	

PARTICLES	

Dissertation	zur	Erlangung	des	akademischen	Grades	

	

Doktoringenieur	

(Dr.-Ing.)	

	

von	Dipl.-Ing.	Michael	Martin	Pieler	

geb.	am	11.	November	1985	in	Wien,	Österreich	

	

genehmigt	durch	die	Fakultät	für	Verfahrens-	und	Systemtechnik	

der	Otto-von-Guericke-Universität	Magdeburg	

	

Promotionskommission:	

	 Prof.	Dr.	rer.	nat.	Franziska	Scheffler	(Vorsitz)	

	 Prof.	Dr.-Ing.	Udo	Reichl	(Gutachter)	

	 Prof.	Dr.-Ing.	Jürgen	Hubbuch	(Gutachter)	

	 Priv.	Doz.	Dr.	Egbert	Müller	(Gutachter)	

	

Eingereicht	am:	31.	Januar	2017	

Promotionskolloquium	am:	29.	Mai	2017	

	



Investigation of influenza virus particle aggregation and purification with magnetic sulfated cellulose 
particles 

ii 

	 	



Investigation of influenza virus particle aggregation and purification with magnetic sulfated cellulose 
particles 

     iii 

	

	

	

	

	

	

	

	

	

	

	

	

Diese	Dissertation	ist	meinem	Vater	gewidmet.	
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	“In	the	beginner’s	mind	there	are	many	possibilities,	

but	in	the	expert’s	there	are	few.”	

―	Shunryu	Suzuki	
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KURZFASSUNG 
Ziel	 dieser	 Doktorarbeit	 war	 es,	 neue	 Einblicke	 in	 das	 Influenza-Viruspartikel	 (VP)	

Aggregationsverhalten	in	verschiedenen	Puffern	für	das	Downstream	Processing	(DSP)	zu	erhalten.	

Zusätzlich	 sollte	 sowohl	 die	 Anwendbarkeit	 von	 magnetischen	 sulfatierten	 Cellulose-Partikeln	

(MSCP)	 für	 die	 Aufreinigung	 von	 Influenza-VP	 als	 auch	 für	 die	 kombinierte	 Aufreinigung	 und	

Formulierung	von	Influenza-VP-basierenden	Vakzinen	gezeigt	werden.	

Der	erste	Teil	der	Arbeit	untersuchte	das	Influenza-VP	Aggregationsverhalten,	welches	dramatische	

Effekte	 auf	 Vakzin-Herstellungsprozesse	 sowie	 auf	 die	Wirksamkeit	 und	 die	 klinische	 Sicherheit	

von	 VP-basierenden	 Biotherapeutika	 haben	 kann.	 Gewöhnlich	 sind	 VP	 in	 Puffer-Lösungen	

suspendiert.	 Dabei	 stellen	 spezielle	 Salze	 definierte	 Puffereigenschaften,	wie	 z.B.	 pH,	 Ionenstärke	

oder	 Osmolarität,	 ein.	 Interessanterweise	 zeigen	 gelöste	 Salze	 einen	 wiederkehrenden	 Trend	 in	

chemischen	 und	 biologischen	 Systemen	 durch	 ionenspezifische	 Effekte,	 die	 als	 Hofmeister	 Serie	

(HS)	 bekannt	 ist.	 Diese	 Effekte	 sind	 omnipräsent	 und	 beeinflussen	 kolloidale	 Partikelsysteme	 in	

verschiedenster	 Weise.	 In	 dieser	 Arbeit	 wurden	 die	 Effekte	 von	 verschiedenen	 Anionen	 (SO42-,	

HPO42-,	 Cl-,	 Br-,	 NO3-	 und	 I-)	 und	 Kationen	 (K+,	 Na+,	 Li+,	 Mg2+	 und	 Ca2+)	 auf	 die	

Partikelgrößenverteilungen	 (PSD)	 von	 Influenza	 A/Puerto	 Rico/8/1934	 H1N1	 (A/PR)	 VP,	 die	 in	

adhärenten	 und	 Suspensions-	 Madin-Darby-Hunde-Nieren	 (MDCK)	 -Zellen	 hergestellt	 wurden,	

genauer	 untersucht.	 Die	 geernteten	 VP	 wurden	 inaktiviert,	 konzentriert	 und	 gegen	 die	 Puffer	

dialysiert,	welche	die	Salze	für	die	Untersuchungen	beinhalteten.	Danach	wurden	die	PSD	mit	einer	

optimierten	 differentiellen	 zentrifugalen	 Sedimentations	 (DCS)	 Scheibenzentrifugen-Methode	

gemessen.	 	 Die	 PSD	 von	 den	 VP,	 die	 in	 adhärenten	 und	 Suspensionszellen	 hergestellt	 wurden,	

zeigten	keine	Aggregation	 in	Puffern	mit	einer	Ionenkonzentration	höher	als	60	mM.	Bei	geringer	

konzentrierten	Puffern	zeigten	die	in	adhärenten	Zellen	hergestellten	VP	mehr	Aggregation	als	die	

in	 Suspensionszellen	 hergestellten	 VP.	 Zusätzlich	 zeigten	 beide	 VP-Proben	 Ca2+-induzierte	

Aggregation,	 wobei	 diese	 bei	 den	 in	 adhärenten	 Zellen	 hergestellten	 VP	 ausgeprägter	 war.	

Außerdem	 änderten	 die	 VP	 ihren	 monomerischen	 apparenten	 hydrodynamischen	 Durchmesser	

(AHD)	 in	Abhängigkeit	 des	 Ions	und	dessen	Konzentration	 im	Puffer.	Die	AHD	vergrößerten	 sich	

mit	steigenden	Konzentrationen	von	NaCl,	NaNO3,	KCl,	NaBr	und	Na+/PO43-,	und	verkleinerten	sich	

mit	 steigenden	 Konzentrationen	 von	 CaCl2	 in	 den	 Puffern.	 Diese	 AHD	 Änderungen	 mit	

verschiedenen	Ionen	zeigten	in	manchen	Fällen	einen	HS	Trend.	

Zusammenfassend	 konnte	 gezeigt	werden,	 dass	 der	 verwendete	Messaufbau	 für	 die	Optimierung	

von	Prozessen	 für	das	DSP,	die	Formulierung	und	des	Blendings	von	Virus-basierenden	Vakzinen	

oder	 viralen	 Vektoren,	 bei	 denen	 der	 Aggregationsstatus	 eine	 wichtige	 Rolle	 spielt,	 verwendet	

werden	kann.	

Im	 zweiten	 Teil	 der	 Arbeit	 wurden	 MSCP	 für	 die	 Aufreinigung	 von	 Influenza-VP	 sowie	 für	 die	

kombinierte	 Aufreinigung	 und	 Formulierung	 für	 Influenza	 Impfstoffe	 entwickelt	 und	

charakterisiert.	 Das	 Prinzip	 basierte	 dabei	 auf	 sulfatierte	 Cellulose-Liganden	 der	 MSCP,	 die	 eine	
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pseudo-Affinität	 zu	 Influenza-VP	 haben	 und	 daher	 für	 eine	 VP-Aufreinigung	 ausgenützt	 werden	

können.	

Die	MSCP-Methode	wurde	mit	einer	etablierten	Zentrifugationsmethode	 für	die	Aufreinigung	von	

A/PR	 VP,	 welche	 in	 adhärenten	 und	 Suspensionszellen	 hergestellt	 wurden,	 verglichen.		

Die	 aufgereinigten	 VP-Proben	 wurden	 charakterisiert	 und	 auf	 Protein-Ebene	 mittels	

Massenspektrometrie	verglichen.	

In	 beiden	 Methoden	 wurden	 zehn	 Influenza	 Virus	 Proteine	 identifiziert.	 Die	 Anzahl	 der	

kontaminierenden	Wirtszellen-Proteine	war	für	beide	Methoden	für	beide	VP-Proben	vergleichbar.	

Jedoch	 konnte	 mit	 der	 MSCP-Methode	 die	 Zeit	 für	 die	 VP-Aufreinigung	 von	 3	 h	 für	 die	

Zentrifugationsmethode	auf	30	min	vor	der	Analyse	mittels	Massenspektrometrie	verkürzt	werden.	

Im	nächsten	Schritt	wurde	ein	MSCP-basierendes	Vakzin	Aufreinigungs-	und	Formulierungssystem	

entwickelt,	 mit	 dem	 das	 DSP	 von	 veterinären	 Vakzinen	 und	 das	 Hochdurchsatz-Screening	 von	

Virus-basierenden	Vakzin-	und	viralen	Vektor-Kandidaten	vereinfacht	werden	kann.	Das	Konzept	

wurde	 mit	 A/PR	 VP,	 die	 in	 Suspensionszellen	 hergestellt	 wurden,	 implementiert.	 Die	 geerntete		

VP-Brühe	wurde	geklärt,	inaktiviert,	konzentriert	und	diafiltriert	um	die	VP	an	die	MSCP	zu	binden.	

Die	 erhaltenen	 VP-	 oder	 Antigen-beladenen	 MSCP	 (aMSCP)	 wurden	 anschließend	 für	

Immunisierungsstudien	 direkt	 in	 Mäuse	 injiziert.	 Diese	 Studie	 beinhaltete	 positive	 Kontrollen	

(suspendierte	VP	und	eine	suspendierte	VP/leere	MSCP	Interaktions-Kontrolle)	und	eine	negative	

Kontrolle	(Formulierungspuffer).	Im	Versuch	zeigte	die	mit	aMSCP	immunisierte	Gruppe	hohe	Anti-

Influenza	A	Antikörper	Titer	und	einen	vollen	Schutz	nach	einer	letalen	Infektion	mit	Replikations-

kompetenten	 A/PR	 VP.	 Die	 aMSCP	 immunisierte	 Gruppe	 zeigte	 vergleichbare	 Resultate	 wie	 die	

positiven	 Kontrollen	 (suspendierte	 VP	 und	 eine	 suspendierte	 VP/leere	 MSCP	 Interaktions-

Kontrolle).	 Im	 Kontrast	 dazu	 zeigte	 die	 negative	 Kontrolle	 (Formulierungspuffer)	 keine		

Anti-Influenza	 A	 Antikörper	 Titer	 und	 auch	 keinen	 Schutz	 nach	 der	 letalen	 Infektion.	 Ergänzend	

dazu	 zeigte	 die	 Analyse	 der	 Nukleoprotein-Genkopienanzahl	 in	 den	 Lungen	 der	 aMSCP	

immunisierten	 Gruppe	 eine	 400-fache	 Reduktion	 im	 Vergleich	 zu	 der	 negativen	 Kontroll-Gruppe	

(Formulierungspuffer).	 Dies	 implizierte	 eine	 effektive	 Induktion	 der	 antiviralen	 Immunität	 durch	

das	MSCP-Vakzin.	

Im	 zweiten	Teil	 konnte	 gezeigt	werden,	 dass	 die	Aufreinigung	 und	 Formulierung	 eines	 Influenza	

Vakzins	mittels	MSCP	 schnell	 und	 zuverlässig	möglich	 ist	 und	 ein	 voller	 Schutz	 gegen	 eine	 letale	

Influenza	 A/PR	 Infektion	 erzielt	 werden	 kann.	 Zusätzlich	 könnte	 das	 MSCP	 Aufreinigungs-	 und	

Formulierungssystem	 nach	 der	 VP-Produktionsphase	 direkt	 in	 einem	 Bioreaktor	 implementiert	

werden,	 um	die	 benötigten	Aufreinigungsschritte	weiter	 zu	 reduzieren.	 Solch	 ein	 Prozess	 könnte	

bei	kostengünstigen	veterinären	Vakzinen	und	Hochdurchsatz-Scrennings	für	die	Evaluierung	und	

Produktion	von	Virus-basierenden	Vakzinen	und	viralen	Vektoren	Anwendung	finden.	

Zusammenfassend	konnten	in	dieser	Doktorarbeit	neue	Erkenntnisse	im	Bereich	der	Influenza-VP	

Aggregation	in	verschiedenen	Puffern	gewonnen	werden	und	die	Anwendbarkeit	von	MSCP	für	die	

VP-Aufreinigung	und	-Formulierung	gezeigt	werden.	Der	verwendete	Puffer-Screnning-Ansatz	kann	
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einfach	für	andere	VP	adaptiert	werden.	Zusätzlich	kann	komplementäre	Analytik	in	Kombination	

mit	 dem	 verwendeten	 Puffer-Screnning	 helfen	 neue	 Faktoren	 der	 VP-Aggregation	 aufzudecken.	

MSCP-Vakzine	 könnten	 durch	 eine	 topische	 oder	 transdermale	 Applikation	 weiter	 optimiert	

werden.	
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ABSTRACT 
This	 doctoral	 thesis	 aims	 to	 deliver	 new	 insights	 on	 influenza	 virus	 particle	 (VP)	 aggregation	

behavior	 in	different	buffers	for	the	downstream	processing	(DSP).	Furthermore,	 the	applicability	

of	magnetic	sulfated	cellulose	particles	(MSCP)	for	new	purification	processes	for	influenza	VP	and	

combined	purification	and	formulation	processes	for	influenza	VP-based	vaccines	were	shown.	

The	 first	 part	 of	 this	 work	 investigates	 influenza	 VP	 aggregation,	 which	 has	 dramatic	 effects	 on	

vaccine	 production	 processes	 and	 the	 efficacy	 and	 clinical	 safety	 of	 virus-based	 biotherapeutics.	

Usually,	VP	are	suspended	 in	buffer	solutions.	 In	 these	buffers,	specific	salts	are	used	to	establish	

defined	properties	in	the	solution,	e.g.,	pH,	ionic	strength,	or	osmolarity.	Interestingly,	the	dissolved	

salts	show	ion-specific	effects	 in	a	reoccurring	trend	in	chemical	and	biological	systems	known	as	

Hofmeister	series	(HS).	These	effects	are	omnipresent	and	also	affect	colloidal	particle	systems	in	

different	ways.	 In	this	work,	 the	effects	of	different	anions	(SO42-,	HPO42-,	Cl-,	Br-,	NO3-,	and	I-)	and	

cations	(K+,	Na+,	Li+,	Mg2+,	and	Ca2+)	on	the	PSD	of	 influenza	A/Puerto	Rico/8/1934	H1N1	(A/PR)	

VP	 produced	 in	 adherent	 and	 suspension	 Madin	 Darby	 canine	 kidney	 (MDCK)	 cells	 were	

investigated.	 The	 harvested	 VP	 were	 inactivated,	 concentrated,	 and	 dialyzed	 against	 buffers	

containing	the	different	salts	for	the	screening.	After	that,	the	PSD	were	measured	by	an	optimized	

differential	centrifugal	sedimentation	(DCS)	disc	centrifugation	method.	The	PSD	for	both	adherent	

and	suspension	cell-derived	VP	showed	no	aggregation	in	buffers	with	a	 ion	concentration	higher	

than	60	mM.	In	lower	concentrated	buffers,	the	VP	produced	in	the	adherent	cell	line	showed	more	

aggregation	compared	to	the	VP	produced	in	the	suspension	cell	line.	Ca2+	also	induced	aggregation	

in	both	VP	samples,	and	more	aggregation	for	the	VP	produced	in	the	adherent	cell	line.	Moreover,	

the	 VP	 changed	 their	monomeric	 apparent	 hydrodynamic	 diameter	 (AHD)	 depending	 on	 the	 ion	

and	 its	 concentration	 in	 the	 buffer.	 The	 AHD	 increased	 with	 increasing	 concentrations	 of	 NaCl,	

NaNO3,	 KCl,	 NaBr,	 and	 Na+/PO43-,	 and	 decreased	 with	 increasing	 concentrations	 of	 CaCl2	 in	 the	

buffer.	The	AHD	changes	with	different	ions	sometimes	resembled	an	HS	trend.	

Consequently,	 this	 setup	 can	 be	 used	 to	 optimize	 virus-based	 vaccine	 or	 viral	 vector	 production	

processes,	where	the	aggregation	status	is	crucial	for	DSP,	formulation,	and	blending.	

In	 the	 second	 part	 of	 this	 work,	 MSCP	 were	 developed	 and	 characterized	 regarding	 their	

applicability	for	influenza	VP	purification	as	well	as	for	a	combined	purification	and	formulation	of	

influenza	vaccines.	The	principle	is	based	on	the	sulfated	cellulose	ligands	of	the	MSCP	that	have	a	

pseudo	affinity	to	influenza	VP,	which	can	be	used	for	VP	purification.	

The	 MSCP	 purification	 method	 was	 compared	 to	 an	 established	 centrifugation	 method	 for	 the	

purification	of	A/PR	VP	produced	in	adherent	and	suspension	MDCK	cells.	The	purified	VP	samples	

were	characterized	and	compared	on	the	protein	level	by	mass	spectrometry.	

For	both	methods,	ten	influenza	virus	proteins	were	identified.	The	number	of	contaminating	host	

cell	proteins	was	similar	for	both	purification	methods	for	both	VP	samples.	With	the	MSCP	method,	
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however,	 the	VP	purification	 time	 could	 be	 reduced	 from	3	 h	 (centrifugation	method)	 to	 30	min	

before	mass	spectrometry	analysis.	

In	a	next	step,	a	MSCP-based	vaccine	purification	and	formulation	system	was	designed	to	simplify	

the	 DSP	 of	 veterinary	 vaccines	 and	 to	 enable	 high-throughput	 screening	 applications	 for	 virus-

based	 vaccines	 and	 viral	 vector	 candidates.	 Proof	 of	 concept	 was	 carried	 out	 with	 A/PR	 VP	

produced	 in	 suspension	 MDCK	 cells.	 The	 harvested	 VP	 broth	 was	 clarified,	 inactivated,	

concentrated,	 and	diafiltered	 followed	by	binding	 the	VP	 to	 the	MSCP.	The	VP-	or	antigen-loaded	

MSCP	(aMSCP)	were	then	directly	 injected	 into	mice	 for	 immunization	 including	positive	controls	

(suspended	 VP	 and	 suspended	 VP/empty	 MSCP	 interaction	 control)	 and	 negative	 controls	

(formulation	 buffer).	 In	 the	 experimental	 setup,	 the	 group	 immunized	with	 aMSCP	 showed	 high	

anti-influenza	 A	 antibody	 titers	 and	 full	 protection	 after	 a	 lethal	 challenge	 with	 replication	

competent	influenza	A/PR	VP.	Furthermore,	the	group	immunized	with	the	aMSCP	showed	similar	

results	 compared	 to	 the	 positive	 controls	 (suspended	 VP	 and	 suspended	 VP/empty	 MSCP	

interaction	 control).	 In	 contrast,	 the	 negative	 control	 group	 (formulation	 buffer)	 showed	 no		

anti-influenza	A	antibody	titers	and	no	protection	after	the	lethal	challenge.	In	addition,	the	analysis	

of	the	nucleoprotein	gene	copy	numbers	in	the	lungs	of	aMSCP	immunized	mice	showed	a	400-fold	

reduction	when	compared	to	 the	negative	control	 (formulation	buffer),	which	 implies	an	efficient	

induction	of	antiviral	immunity.	

In	 summary,	 the	 results	 of	 the	 second	 part	 showed	 that	 the	 purification	 and	 formulation	 of	 an	

influenza	vaccine	with	MSCP	was	 fast,	 reliable	and	elicited	 full	protection	 in	mice	against	a	 lethal	

influenza	 A/PR	 infection.	 Additionally,	 the	 MSCP	 purification	 and	 formulation	 system	 could	 be	

implemented	after	the	VP	production	phase	directly	in	the	bioreactor	to	further	reduce	the	number	

of	needed	process	 steps.	 Such	a	process	 could	be	applicable	 for	 low-cost	veterinary	vaccines	and	

high-throughput	 screening	 applications	 for	 the	 evaluation	 and	 production	 of	 virus-based	 vaccine	

and	viral	vector	candidates.	

Overall,	 this	 doctoral	 thesis	 revealed	 new	 findings	 in	 the	 field	 of	 influenza	 VP	 aggregation	 in	

different	 buffers	 and	 could	 show	 the	 applicability	 of	 MSCP	 for	 VP	 purification	 and	 formulation	

setups.	 The	 used	 buffer	 screening	 setup	 can	 be	 easily	 adapted	 to	 other	 VP.	 Furthermore,	

complementary	 analytics	 in	 combination	 with	 the	 outlined	 buffer	 screening	 system	 can	 help	 to	

uncover	the	underlying	factors	of	VP	aggregation.	The	MSCP	system	can	be	potentially	improved	by	

a	topical	or	transdermal	application.	
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Chapter 1: Motivation  

Michael Martin Pieler   1 

1 MOTIVATION 

This	doctoral	thesis	was	part	of	the	cooperation	project	“Optimization	of	an	industrial	process	for	

the	cell	culture-based	production	of	seasonal	and	pandemic	influenza	vaccines	as	an	alternative	to	

classic	egg-based	production	processes”	funded	by	the	Federal	Ministry	of	Education	and	Research	

(BMBF,	 0315640C).	 In	 the	 course	 of	 this	 project	 several	 unit	 operations	were	 optimized	 for	 the	

downstream	 processing	 (DSP)	 of	 cell	 culture-based	 influenza	 virus	 particles	 (VP).	 In	 addition,	

analytical	 methods	 were	 developed	 to	 obtain	 more	 information	 on	 VP	 aggregation,	 which	 can	

dramatically	 affect	 DSP	 unit	 operations.	 Furthermore,	 the	 binding	 behavior	 of	 VP	 to	 sulfated	

carbohydrates,	which	were	used	 for	 chromatographic	 and	magnetic	particle	unit	 operations,	was	

investigated.	

The	shift	from	egg-	to	cell	culture-based	influenza	VP	production	systems	in	industry	is	dependent	

on	many	 factors	 and	 the	benefits	 are	 still	 discussed	 in	 this	 field.	However,	 an	optimized	DSP	 can	

improve	 both	 production	 approaches	 and	 can	 help	 to	 increase	 the	 availability	 of	 safe	 and	 cost-

effective	vaccines.	

The	main	project	of	 this	doctoral	 thesis	was	 the	 investigation	of	 influenza	A/Puerto	Rico/8/1934	

H1N1	(A/PR)	VP	aggregation	outlined	 in	section	1.1.	There,	 the	effects	of	different	buffers	on	 the	

particle	 size	 distributions	 (PSD)	 of	 influenza	 VP	 were	 characterized	 in	 an	 extensive	 study.	 The	

results	 obtained	 represent	 a	 basis	 for	 the	 optimization	 of	 different	 DSP	 unit	 operations,	 which	

usually	involve	a	buffer	change.	

During	 the	 optimization	 of	 the	 buffer	 exchange	 method	 for	 the	 experiments	 addressed	 above,	

magnetic	 sulfated	 cellulose	 particles	 (MSCP)	 were	 developed	 as	 a	 potential	 tool.	 However,	 their	

application	for	the	buffer	exchange	was	limited,	as	aggregation	was	observed	for	some	VP	samples	

(see	 section	4.2).	 	Nevertheless,	 the	MSCP	were	used	 in	 the	 second	main	project	on	 influenza	VP	

purification	by	MSCP	outlined	in	section	1.2.	There,	the	MSCP	purification	method	was	compared	to	

a	 centrifugation	method	 and	 was	 used	 for	 the	 purification	 and	 formulation	 of	 a	 novel	 influenza	

vaccine.	



Investigation of influenza virus particle aggregation and purification with magnetic sulfated cellulose 
particles 

2  Michael Martin Pieler 

1.1 Investigation of influenza A virus particle aggregation 
Aggregation	of	VP	strongly	 influences	production	of	VP-based	biopharmaceuticals	as	well	as	their	

clinical	safety	and	efficacy.	In	particularly,	VP	aggregation	is	known	to	affect	 in	vitro	VP	infectivity	

assays,	 quantification	 [1],	 inactivation	 [2–4],	 and	DSP	 [5].	 This	wide-ranging	 impact	 renders	 this	

subject	very	 interesting	 for	research	and	development	of	 several	virus-based	biopharmaceuticals,	

like	vaccines	or	viral	vectors	for	gene-therapies.	

VP	are	typically	suspended	in	buffer	solutions	to	obtain	defined	properties	for	specific	applications.	

To	establish	these	buffer	features	different	salts	are	used	to	control	pH,	ionic	strength,	osmolarity,	

conductivity,	etc.,	depending	on	the	application.	The	ions	of	these	salts	show	ion-specific	effects	in	

chemical	 and	 biological	 systems.	 These	 effects	 often	 resemble	 a	 reoccurring	 trend	 termed	

Hofmeister	series	(HS)	[6,7].	

Therefore,	different	ions	within	the	HS	were	evaluated	in	the	scope	of	this	doctoral	thesis	for	their	

effects	 on	 the	 PSD	 of	 influenza	 VP.	 To	 measure	 the	 PSD	 an	 optimized	 differential	 centrifugal	

sedimentation	(DCS)	disc	centrifuge	method	was	implemented.	The	direct	HS	order	of	the	screened	

ions	was	for	the	anions	SO42-	<	HPO42-	<	Cl-	<	Br-	<	NO3-	<	I-,	and	for	the	cations	K+	<	Na+	<	Li+	<	Mg2+	

<	Ca2+	[6,8,9].	The	HS	order	is	based	on	the	effect	of	the	specific	ion	on	protein	solubility.	Ions	on	the	

left	 side	 of	 the	 direct	 HS	 increase	 solvent	 surface	 tension	 and	 decrease	 solubility	 of	 nonpolar	

molecules	which	is	referred	to	as	"salting	out"	or	kosmotropic	properties.	The	ions	on	the	right	side	

increase	 the	 solubility	 of	 nonpolar	 molecules	 which	 is	 referred	 to	 as	 "salting	 in"	 or	 chaotropic	

properties	[9,7].	HS	effects	were	already	described	for	synthetic	nanoparticles	[9–15].	However,	for	

VP	 no	 systematic	 experimental	 evaluation	 with	 high	 resolution	 PSD	 measurement	 methods	 has	

been	carried	out	so	far.	Because	of	that,	the	present	doctoral	thesis	aims	to	deliver	new	information	

on	 the	effects	of	 specific	 ions	on	 the	PSD	of	 cell	 culture-derived	 influenza	VP	by	assessment	with	

DCS	 disc	 centrifugation.	 Influenza	 A/PR	 VP	 produced	 in	 adherent	 and	 suspension	 Madin	 Darby	

canine	kidney	(MDCK)	cell	line	production	systems	were	used	for	the	experimental	setup.	

1.2 Influenza A virus particle purification with magnetic sulfated 
cellulose particles 
Established	large-scale	influenza	vaccine	production	processes	use	sulfated	carbohydrate	matrices	

for	 the	 chromatographic	 purification	 of	 VP	 [16–18].	 Commercially	 available	 resins	 are	 based	 on	

sulfated	cellulose	 (Cellufine	Sulfate	 resin	 from	 JNC	Corp.)	or	 sulfated	dextran	 (Capto	DeVirs	 resin	

from	 GE	 Healthcare	 Bio-Sciences	 AB)	 [16–18].	 Moreover,	 new	 sulfated	 cellulose	 membrane	

adsorbers	(SCMA)	were	developed	and	demonstrated	good	purification	performance	for	influenza	

or	Modified	Vaccinia	Ankara	(MVA)	VP	[19–21].	

Interestingly,	the	binding	mode	of	this	pseudo	affinity	adsorption	process	used	for	VP	purification	is	

not	 yet	 resolved	 in	 detail	 [22].	 However,	 sulfated	 carbohydrates	 seem	 to	mimic	 heparan	 sulfate	

proteoglycans	 (HSPG).	 These	 HSPG	 are	 involved	 in	 a	 wide	 range	 of	 pathogen-host	 interactions	

during	 infection	 where	 they	 the	 act	 as	 a	 low	 affinity	 (co-)receptor	 for	 direct	 internalization	 or	
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increase	 the	 probability	 of	 binding	 to	 more	 specific	 secondary	 receptors	 [23].	 This	 cellular	

membrane	 binding	 mechanism	 was	 shown	 for	 VP,	 bacteria,	 and	 parasites	 [23],	 rendering	 it	 an	

interesting	feature	usable	for	the	purification	of	such	pathogens.	

Traditionally,	 centrifugation	based	methods	are	used	 for	 small-scale	purification	 for	 influenza	VP	

analytics.	These	centrifugation	methods	 for	analytics	use	cost-intensive	high-speed	centrifugation	

equipment	and	are	time-	and	labor-consuming	due	to	the	involved	manual	steps	and	their	limited	

scalability	[24–27].	

Since	several	years,	magnetic	particle	separation	processes	are	increasingly	used	due	to	their	easy	

handling,	 versatility,	 and	 scalability	 [28].	 	 These	 separation	 processes	 are	 established	 for	 the	

purification	of	peptides,	proteins,	nucleic	acids,	VP,	organelles	of	animal	cells,	or	entire	cells	[24,29–

33].	 The	 used	 binding	modes	 range	 from	 ionic	 to	 specific	 affinity	 ligand	 interactions	 [24,29–33].	

However,	magnetic	particles	making	use	of	sulfated	cellulose	ligands	are	not	commercially	available	

and	were	not	described	in	literature	so	far.	

Applications	 for	 vaccines	 have	 been	 recently	 published	 for	 nanoparticle	 vaccines	 with	 specific	

immunomodulating	properties	or	magnetic	particle	DNA	vaccines	that	enable	magnetic	transfection	

[34,35].	However,	 the	DSP	of	 such	particle-based	vaccines	usually	 employs	a	purification	process	

followed	by	 the	 formulation	with	 the	particulate	carrier.	Furthermore,	 the	DSP	usually	employs	a	

wide	 range	 of	 different	 techniques,	 which	 makes	 it	 challenging	 to	 be	 implemented	 in	 research	

facilities	working	on	new	vaccine	or	viral	 vector	 candidates	 for	gene	 therapies	as	 they	often	 lack	

equipment	 and	 know-how.	 However,	 some	 ready-to-use	 high-throughput	 DSP	 tools	 based	 on	

aqueous	 two-phase	 extraction	 have	 been	 previously	 introduced,	which	 could	 help	 accelerate	 the	

research	and	development	of	VP-based	biopharmaceuticals	[36].	

Because	of	 that,	MSCP	were	developed	to	explore	 their	applicability	 for	 influenza	VP	preparation.	

The	 cellulose	matrix	 used	 for	 the	 MSCP	 is	 available	 in	 abundance,	 is	 cost-effective,	 exhibits	 low	

unspecific	binding,	and	was	shown	to	be	biocompatible	 [37–40].	The	MSCP	obtain	 their	magnetic	

properties	 from	 embedded	 smaller	 iron-containing	 particles.	 The	 two	 developed	 MSCP	 systems	

were	based	on	particles	with	a	size	of	about	100	µm,	which	makes	them	easy	separable	with	cost-

effective	 commercially	 available	permanent	magnets	 [41].	 Consequently,	 no	 special	 high-gradient	

magnetic	 field	 separation	 systems	 are	 needed,	 which	 is	 lowering	 overall	 costs	 and	 therefore	

applicability.	

In	 the	 first	 experimental	 setup	 the	 analytical	 VP	 sample	 preparation	 by	 MSCP	 purification	 was	

compared	 to	 an	 established	 centrifugation	 method	 for	 analytics	 on	 protein	 level	 by	 liquid	

chromatography-tandem	mass	spectrometry	 (LC-MS/MS)	analytics	 to	obtain	detailed	 information	

on	co-purified	protein	impurities	[24–27].	

The	second	experimental	setup	was	a	proof	of	concept	for	purifying	and	formulating	a	cell-culture	

derived	whole	 virus	 influenza	A/PR	vaccine	with	MSCP.	This	 involved	 the	 specific	 binding	of	 the	

inactivated	 VP	 to	 the	 MSCP	 to	 obtain	 antigen-loaded	 MSCP	 (aMSCP).	 The	 aMSCP	 were	 directly	

formulated	 and	 injected	 into	mice.	 The	 biocompatibility	 and	 nontoxicity	 of	 the	 cellulose	 and	 the	

incorporated	smaller	Fe3O4	particles	of	the	MSCP	makes	them	suitable	for	such	a	process	without	
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expected	adverse	effects	[35,37–40].	 	Furthermore,	this	purification	and	formulation	setup	can	be	

potentially	carried	out	directly	after	upstream	processing	(USP)	to	implement	a	simple	and	scalable	

(high-throughput)	DSP.	During	the	in	vivo	immunization	studies	the	anti-A/PR	antibody	levels	were	

monitored.	 The	 mice	 were	 challenged	 after	 immunization	 with	 a	 lethal	 dose	 of	 replication	

competent	A/PR	VP	and	the	weight	 losses	were	observed	followed	by	viral	 load	estimation	in	the	

lungs	to	evaluate	the	protective	features	of	the	MSCP	vaccine.	
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2 BACKGROUND 

2.1 Influenza vaccines 
Influenza	 VP	 are	 characterized	 by	 their	 eight	 single-stranded	 negative-sense	 RNA	 segments	 and	

belong	to	the	Orthomyxoviridae	virus	family	[42,43].	Influenza	VP	can	be	classified	in	type	A,	B,	and	

C	[43,44].	Influenza	type	A	and	B	are	responsible	for	the	yearly	human	epidemics.	Influenza	VP	have	

a	size	of	80	to	130	nm	and	are	enveloped	with	a	lipid-bilayer	derived	from	the	host	cell	membrane	

[45,46].		

	

Figure	1	Electron	microscopy	of	A/PR	virus	particles	

A/PR	 VP	 were	 produced	 in	 adherent	 MDCK	 cells	 and	 were	 purified	 by	 sulfated	 cellulose	

membrane	 adsorber	 (SCMA)	 chromatography	 before	 transmission	 electron	 microscopy	

(TEM).	The	white	spikes	around	the	VP	indicate	the	hemagglutinin	(HA)	and	neuraminidase	

(NA)	 surface	 antigens.	 TEM	 was	 carried	 out	 by	 Christopher	 Ladd	 Effio	 and	 Mohammad	

Fotouhi	Ardakani	(Karlsruhe	Institute	of	Technology,	Germany).	

The	 major	 viral	 surface	 proteins	 hemagglutinin	 (HA,	 H)	 and	 neuraminidase	 (NA,	 N)	 are	

incorporated	in	the	VP	membrane	and	are	shown	in	Figure	1.	It	is	generally	accepted	that	HA	and	
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NA	are	the	major	antigens	involved	in	the	immune	response	during	an	infection.	Influenza	A	can	be	

divided	in	two	phylogenetic	groups:	group	1	consisting	of	H1,	H2,	H5,	H6,	H8,	H9,	H11,	H12,	H13,	

H16,	H17,	and	H18,	as	well	as	group	2	consisting	of	H3,	H4,	H7,	H10,	H14,	and	H15.	Influenza	B	can	

be	divided	in	the	Victoria	and	Yamagata	lineages,	which	are	antigenically	different	[43,47].	

The	 influenza	virus	 strains	 are	named	according	 to	 their	 genus/type,	 the	 species	 from	which	 the	

virus	was	isolated	(omitted	if	human),	the	location	of	the	isolate,	the	number	of	the	isolate,	and	the	

year	of	the	isolation	[45].	In	addition,	the	HA	and	NA	subtypes	are	indicated	for	influenza	A	viruses.		

For	example,	the	8th	isolate	of	an	H1N1	subtype	influenza	A	virus	isolated	from	a	human	in	Puerto	

Rico	in	1934	is	named	A/Puerto	Rico/8/1934	(H1N1).	

Influenza	 is	 considered	 a	 major	 cause	 for	 acute	 febrile	 respiratory	 illnesses	 in	 humans.		

The	circulating	influenza	virus	strains	can	change	antigenically	due	to	antigenic	drift	and	shift,	and	

are	therefore	an	ongoing	health	concern	[43].	Antigenic	drift	occurs	through	point	mutations	that	

lead	to	small	gradual	antigenic	changes	in	the	HA	and	NA	genes	and	occur	in	influenza	A	and	B	virus	

[43,48].	The	drift	generates	new	strains	which	cause	the	seasonal	epidemics.	Antigenic	shift	refers	

to	the	appearance	of	a	new	HA	or	new	HA	and	new	NA	that	differ	from	the	previous	predominant	

circulating	types.	These	shifts	can	generate	new	influenza	A	viruses	by	reassortment	of	strains	from	

different	host	species	and	therefore	potentially	create	new	pandemic	strains	[43,45].	

The	 primary	 strategy	 to	 control	 and	 prevent	 influenza	 outbreaks	 is	 vaccination.	 The	 available	

influenza	 vaccines	 are	 based	 on	 inactivated	 influenza	 VP,	 live-attenuated	 influenza	 VP,	 or	

recombinant	influenza	virus	antigens	[42,43,49,50].	

Inactivated	influenza	vaccines	can	be	based	on	whole	VP,	split	VP,	or	on	VP	subunits.	These	vaccines	

are	typically	produced	in	embryonated	hen's	eggs	followed	by	purification.	The	traditional	trivalent	

seasonal	 influenza	vaccine	 is	based	on	 inactivated	VP	consisting	of	a	mixture	of	 influenza	A	virus	

(H1N1),	 influenza	A	virus	(H3N2)	and	influenza	B	virus	antigens.	Recently,	quadrivalent	influenza	

vaccines	were	introduced	that	contain	both	influenza	B	lineages.	This	 is	beneficial	 if	 two	different	

influenza	B	virus	lineages	are	circulating	in	the	population,	as	there	is	little	to	no	cross-protection	

between	the	two	influenza	B	virus	lineages	[43].	Additionally,	there	are	cell	culture	systems	based	

on	MDCK	or	Vero	cell	lines	for	VP	production	to	overcome	limitations	of	the	egg-based	system,	like	

a	potential	supply	delay	of	required	eggs	in	the	case	of	a	sudden	demand	due	to	a	major	influenza	

outbreak	 [51–53].	 Typically,	 the	 inactivated	 vaccines	 for	 atypical	 influenza	 outbreaks	 are	

formulated	 with	 additional	 adjuvants	 to	 increase	 the	 available	 doses	 and	 to	 tune	 the	 immune	

response	[43,54].	

Live-attenuated	 influenza	 VP	 are	 cold	 adapted	 and	 temperature	 sensitive,	 and	 are	 administered	

intranasally.	Such	vaccines	induce	strain-specific	IgA,	which	is	associated	with	a	protective	immune	

response	[43,54].	The	used	systems	are	based	on	the	Leningrad	or	Ann	Arbor	A	virus	and	B	virus	

strains	[54,55].	

Recently,	 recombinant	 influenza	 vaccines	were	 licensed.	 The	 antigens	 are	 based	 on	 recombinant	

hemagglutinin	 produced	 in	 insect	 cells	 with	 the	 help	 of	 baculovirus	 vectors	 [43,49,54].	 This	
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approach	 has	 the	 advantage	 to	 circumvent	 the	 potentially	 needed	 sub-selection	 and	 refinement	

process	 for	 production	 strains	 used	 in	 conventional	 production	 processes	 based	 on	 whole	 VP	

infecting	 cells	 [54].	 However,	 depending	 on	 the	 design	 of	 the	 recombinant	 influenza	 vaccine	 the	

immune	response	can	differ	when	compared	to	vaccines	based	on	whole	VP.	

Additionally,	 there	 are	 other	 influenza	 vaccine	 concepts	 that	 are	 based	 on	 DNA,	 bacterial	

production	 systems,	 conserved	 proteins,	 virus-like	 particles,	 or	 viral-vectors	 [43,54].	 However,	

these	systems	play	no	important	role	so	far	and	are	still	in	the	research	and	development	phase.	

2.2 Cell culture-based production of influenza virus 
The	 industrial	 production	 of	 influenza	 VP	 is	 still	 largely	 based	 on	 the	 infection	 of	 embryonated	

hens-eggs.	However,	cell	culture-based	influenza	VP	production	systems	are	increasingly	used	and	

investigated	 due	 to	 their	 flexibility,	 shorter	 production	 cycles,	 greater	 surge	 capacity,	 greater	

process	control,	and	a	more	well-characterized	reliable	product.	The	cell	culture-based	production	

results	 in	a	higher	similarity	between	the	produced	VP	and	the	circulating	VP	strains,	 includes	no	

egg-derived	contaminants,	 and	potentially	enables	a	 faster	virus	 seed	generation.	However,	 these	

advantages	come	with	increased	work	on	process	screening	and	intensification	[56].	

For	 the	 industrial	 cell	 culture-based	production	 of	 influenza	 vaccines	MDCK	 cells,	 PER.C6	human	

embryonated	retinal	cells,	Vero	monkey	kidney	cells,	and	HEK293	human	embryo	kidney	cells	have	

been	evaluated.	In	addition,	Sf9(-derived)	insect	cells	with	a	baculovirus	expression	vector	system	

are	used	for	the	industrial	production	of	influenza	virus	antigens	or	virus-like	particles	[56].	

VP	production	for	vaccines	with	mammalian	cells	can	be	carried	out	with	adherent	and	suspension	

cell	lines.	Adherent	cells	need	a	support,	which	can	be	provided	in	roller	bottles	(see	section	3.3.1),	

where	 cells	 attach	 to	 the	 inner	 surface,	 or	 multilayer	 cultivation	 systems,	 which	 offer	 increased	

surface	 area	 and	 control	 over	 roller	 bottles.	 Furthermore,	 adherent	 cells	 can	be	 grown	 in	 shaker	

flasks,	wave	bioreactors,	and	stirred	tank	bioreactors	on	porous	or	non-porous	microcarrier	beads	

or	in	fixed	or	packed-bed	bioreactors	on	porous	carrier	materials.	In	contrast,	suspension	cells	are	

directly	inoculated	into	the	culture	media	and	can	be	cultivated	in	shaker	flasks	(see	section	3.3.3),	

wave	 bioreactors,	 or	 stirred	 tank	 bioreactors	 (see	 section	 3.3.2)	 without	 additional	 cell	 support	

[57].	

In	general,	bioreactor	systems	offer	for	both	cell	types	increased	process	control,	scale-up	options	

for	industrial	production,	and	scale-down	options	for	process	characterization.	In	addition,	process	

intensification	can	be	achieved	by	fed-batch,	perfusion,	and	continuous	bioreactor	systems	[57].	

2.3 Downstream processing of influenza virus particles 
The	DSP	of	 influenza	VP	 for	 licensed	vaccines	 involves	 a	 clarification,	 concentration,	 purification,	

polishing,	 and	 a	 formulation	 step,	 which	 are	 commonly	 based	 on	 centrifugation,	 filtration,	 and	

chromatography	unit	operations	[16,58,17,59–63].		
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Clarification	 can	 be	 based	 on	 low-speed	 centrifugation	 or	 depth	 filtration.	 Concentration	 can	 be	

carried	out	by	micro-	or	ultrafiltration	combined	with	diafiltration	for	buffer	exchange	in	dead-end	

or	tangential-flow-filtration	(TFF)	mode	[64].	The	purification	and	polishing	can	be	carried	out	by	

high-speed	centrifugation	using	density	gradients,	also	known	as	“ultracentrifugation”	[65,66],	and	

chromatography.	 The	 chromatography	 modes	 reported	 in	 literature	 for	 influenza	 vaccine	

purification	are	size	exclusion	chromatography	[67,68],	 ion	exchange	chromatography	[67,69,70],	

hydrophobic	 interaction	 chromatography	 [71],	 	 (pseudo)	 affinity	 chromatography	 [24,19,72,73],	

and	steric	exclusion	chromatography	[74].	The	VP	inactivation	can	be	carried	out	chemically	with		

β-propiolactone	[64],	ethyleneimine	[75,76],	or	formalin	[77].	Furthermore,	nuclease	treatment	can	

be	 applied	 during	 DSP	 for	 host	 cell	 DNA	 depletion	 [78].	 Additionally,	 work	 on	 influenza	 VP	

purification	 by	 precipitation	 has	 been	 shown	 with	 alcohols	 and	 polyethylene	 glycols	 [79,80].	 In	

addition,	 magnetic	 particle	 systems	 using	 anionic	 interaction	 based	 on	 poly(methyl	 vinyl	 ether–

maleic	 anhydride)	 were	 recently	 used	 for	 the	 purification	 of	 human	 influenza	 A	 and	 B	 VP	 for	

research	applications	[31].	

Information	on	commercially	used	DSP	 trains	 for	 influenza	vaccines	based	on	VP	 is	 rare,	but	 two	

examples	from	published	patents	for	hens	eggs-	or	cell	culture-based	[81]	and	MDCK-based	VP	[82]	

are	shown	in	Figure	2.	The	main	difference	between	the	two	processes	is	the	used	main	purification	

unit	 operation,	 i.e.,	 ultracentrifugation	or	 chromatography.	 In	 general,	 the	DSP	 contains	 as	 a	 first	

step	a	clarification	to	separate	the	VP	from	bigger	impurities	of	the	harvested	VP	broth,	i.e.,	 intact	

cells	and	cell	 fragments.	 In	 the	shown	example,	 this	 is	carried	out	by	a	depth	 filtration	with	 filter	

pore	 sizes	 in	 the	 range	of	 1.2	 to	 0.45	µm.	This	 is	 accompanied	by	ultrafiltration	 and	diafiltration	

steps	for	concentration	and	buffer	exchange.	Finally,	the	process	is	completed	by	a	sterile	filtration	

with	pore	sizes	in	the	range	of	0.45	to	0.20	µm.	

Finally,	 influenza	vaccine	preparations	 are	usually	 formulated	 in	 aqueous	 formulation	buffers	 for	

intramuscular	or	intradermal	injection	using	a	needle	[83],	and	intranasal	delivery	[84].	In	addition,	

new	 applications	 based	 on	 (dissolving)	 microneedles	 [85–87]	 or	 needle-free	 administration	 by		

epidermal	 powder	 immunization	 [84]	have	 been	 investigated.	 The	 vaccine	 formulation	 process	

suspends	 the	 antigens	 in	 the	 formulation	 buffer	 for	 vaccine	 application	 and	 can	 be	 based	 on	

different	 unit	 operations,	 e.g.,	 dilution,	 diafiltration,	 or	 lyophilization.	 Furthermore,	 magnetic	

particle	 systems	 could	 enable	 new	 vaccine	 formulation	 (see	 section	 3.4.9	 and	 4.2.3.2)	 and	

application	methods	(see	section	6.2).	
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Figure 2 Downstream processing train 

The shown downstream processing train covers the steps from the harvested VP broth to the 

purified VP.  The exemplified process does not contain the subsequent process steps for the 

final vaccine formulation, i.e., inactivation, optional VP splitting, buffer exchange to 

formulation buffer, fill, and finish (figure adapted from [81,82]). 

2.4 Analytics during the production of influenza virus particles  

2.4.1 Upstream processing 

During the cell culture-based influenza virus production, the hemagglutination assay (see section 

3.6.1), the plaque assay, or the 50% tissue culture infective dose (TCID50) are used to monitor virus 

titers. The hemagglutination assay is based on the ability of infectious, noninfectious or inactivated 

influenza VP to agglutinate red blood cells. The derived hemagglutination units (HAU) depend on 

the amount of hemagglutinin on the influenza VP surface and the VP concentration and not on the 

infectivity or their ability to replicate [88–90]. 

Harvested VP broth 

Clarification 
(1.2 and 0.45 µm filtration) 

Concentration/buffer exchange 
(ultrafiltration/diafiltration) 

Chromatographic purification  
((pseudo) affinity or  

cation-exchange) 

Purification by ultracentrifugation  
(sucrose gradient) 

Concentration/buffer exchange  
(ultrafiltration/diafiltration) 

Sterile filtration  
(0.45 and 0.20 µm filtration) 

Purified VP 
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The	plaque	assay	is	based	on	a	cell	monolayer	that	is	overlaid	with	an	influenza	VP	sample.	Due	to	

the	cytopathic	effect	of	 the	 infectious	VP,	 the	 lysed	cells	 form	a	circular	zone,	 i.e.,	 the	plaque.	The	

derived	plaque	forming	units	(PFU)	are	a	quantitative	measure	of	the	infectious	VP	concentration	in	

PFU	mL-1	[88].	The	TCID50	is	based	on	the	VP	sample	dilution	that	shows	50%	lysis	of	the	infected	

cells	[88,90].	

In	addition,	real-time	quantitative	PCR	can	be	used	during	the	USP	for	the	quantitation	of	viral	RNA,	

for	 potency	 assays	 in	 process	 development,	 for	 characterization	 of	 VP	 stability,	 for	 screening	 of	

adventitious	agents,	and	for	safety	assessments	[91].	

Furthermore,	cell	count,	cell	size	and	cell	viability	are	monitored	during	USP	by	microscopy-based	

methods.	The	conventional	cell-viability	assay	is	based	on	trypan	blue,	which	is	absorbed	by	dead	

cells	 whereas	 the	 dye	 is	 excluded	 from	 living	 cells	 due	 to	 their	 intact	 plasma	 membrane.	 This	

method	is	usually	automated	to	increase	the	number	of	analyzed	cells	and	samples	[92].	After	the	

USP	the	contaminant	levels	in	the	VP	harvest	are	analyzed	for	their	protein	content	by	a	Bradford	

assay	 [93]	 and	 for	 the	DNA	 content	 by	 a	 PicoGreen®	 assay,	measuring	 the	 double-stranded	DNA	

[94].	

2.4.2 Downstream processing 
During	 the	 influenza	VP	DSP	 the	hemagglutination	 assay	 (see	 section	3.6.1)	 and	 the	 single	 radial	

immunodiffusion	 assay	 (SRID,	 see	 section	 3.6.2)	 are	 used	 for	 measuring	 the	 HAU	 and	 the	 HA	

amount	of	 the	purified	VP,	respectively.	 In	contrast	 to	 the	hemagglutination	assay,	which	 is	a	 fast	

and	 straightforward	 procedure,	 the	 SRID	 is	more	 complex.	 Thus,	 the	 SRID	 is	 usually	 not	 used	 to	

obtain	recovery	balances	but	to	quantify	the	total	HA	amount	at	the	end	of	the	DSP.	The	SRID	is	the	

accepted	method	to	formulate	vaccines,	i.e.,	to	adjust	the	HA	antigen	content	of	seasonal	influenza	

vaccines	[95],	even	though	various	alternative	assays	have	been	evaluated	in	the	past	to	replace	it.	

In	 addition,	 real-time	 quantitative	 PCR	 can	 be	 used	 during	 the	 DSP	 for	 the	 quantitation	 of	 VP	

genomes,	process	residuals,	VP	stability,	adventitious	agents,	and	for	safety	assessments	[91].	

Besides	monitoring	the	product	of	interest,	i.e,	the	VP,	also	the	depletion	of	the	contaminants	has	to	

be	 determined.	 The	 protein	 impurities	 are	 usually	 measured	 by	 a	 Bradford	 assay	 [93].		

The	DNA	impurities	are	usually	measured	by	a	PicoGreen®	assay,	measuring	double-stranded	DNA	

[94],	and	for	low	DNA	impurity	concentrations	by	a	Threshold®	Total	DNA	assay,	measuring	single-

stranded	(total)	DNA	[96].	

2.4.3 Virus particle aggregation and influenza virus analytics 
In	 general,	 the	 effects	 of	 VP	 aggregation	 on	 analytics	 are	 not	well	 investigated.	Nevertheless,	 the	

effects	of	 influenza	VP	aggregation	on	 the	hemagglutination	assay	 [97]	and	 the	plaque	assay	 [98]	

have	 been	 described.	 The	 experiments	 on	 influenza	 A	 VP	 aggregation	 and	 the	 hemagglutination	

assay	 showed	 that	 VP	 aggregation	 reduced	 the	 observed	 HAU	 and	 VP	 aggregate	 dispersion	

increased	 the	 observed	 HAU.	 The	 plaque	 assay	 investigation	 showed	 a	 higher	 infectivity	 of	
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influenza	A	VP	aggregates,	which	was	explained	by	 the	 complementation	of	 incomplete	 influenza	

VP	genomes	[98].		

In	 addition,	 there	 is	 every	 reason	 to	 assume	 that	 VP	 aggregation	 affects	 a	 range	 of	 VP-based	

methods,	 e.g.,	 analytics	 like	TCID50,	 and	VP	USP	 and	DSP.	However,	 new	knowledge	on	 this	 topic	

should	be	obtained	in	this	doctoral	thesis	on	influenza	A	VP	aggregation	in	different	buffers	(results	

see	section	4.1).	

2.5 Virus particle aggregation analytics 
Early	 work	 on	 VP	 aggregation	 analytics	 relied	 on	 complex	 methods	 to	 approximate	 their	 PSD.		

The	 first	 work	 revealing	 the	 mechanism	 behind	 VP	 aggregation	 was	 based	 on	 a	 single	 particle	

approximation	 (SPA)	 method.	 This	 method	 uses	 high-speed	 centrifugation	 to	 separate	 single	 or	

monomeric	 VP	 from	 VP	 aggregates.	 The	 SPA	method	 was	 used	 to	 investigate	 VP	 aggregation	 of	

polio-	and	reo-VP	in	water	[3,99,100],	the	effects	of	specific	salts	on	polio-	and	reo-VP	aggregates	at	

low	 pH	 [101],	 and	 aggregate	 mixtures	 of	 polio-	 and	 reo-VP	 [102].	 The	 method	 employs	

centrifugation	 of	 a	 VP	 sample	 applied	 to	 a	 sucrose	 gradient	 to	 separate	monomeric	 VP	 from	 VP	

aggregates.	The	centrifugation	 is	 stopped	after	a	 specific	 time	 to	remove	 the	gradient	 fluid	 layers	

and	to	analyze	them	individually	via	plaque	titration	or	electron	microscopy	(EM).	

Furthermore,	a	modified	SPA	method	was	used	to	investigate	influenza	VP	aggregation	with	EM	to	

determine	the	VP	content	of	influenza	vaccines	[97].	The	obtained	data	showed	that	all	investigated	

vaccine	preparations	contained	VP	aggregates	to	some	degree.	Additionally,	it	was	shown	that	these	

VP	aggregates	could	be	dissolved	in	high	molality	buffers.	

Other	work	investigated	the	consequences	of	different	human	and	avian	HA	and	NA	combinations	

on	 influenza	 VP	 aggregation	 [103].	 The	 experimental	 setup	 used	 a	 centrifuge	 with	 a	 sucrose	

gradient	to	separate	monomeric	VP	from	VP	aggregates	followed	by	hemagglutination	assay	of	the	

individual	 gradient	 layers.	 It	 was	 shown	 that	 the	 reassortants	 H3N1,	 H4N1,	 H10N1,	 and	 H13N1	

aggregated	whereas	natural	H1N1	and	reassortants	based	on	avian	HA	and	avian	NA	were	found	to	

be	 mostly	 monomeric	 at	 4°C.	 The	 aggregation	 at	 4°C	 was	 found	 to	 be	 reversible	 at	 37°C.	

Furthermore,	the	VP	aggregates	showed	a	higher	infectivity	to	HAU	ratio.	The	authors	explained	the	

aggregation	phenomena	by	the	inefficient	sialic	acid	removal	from	avian	HA	by	human	N1.	

Moreover,	 pH-induced	 aggregation	 of	 influenza	VP	was	 investigated	 by	UV	 absorption	 as	well	 as	

static	 and	 dynamic	 light	 scattering	 [104,105].	 In	 the	 UV	 measurement	 setup,	 the	 extinction	

coefficients	of	A/PR	VP	could	be	determined	at	a	wavelength	of	280	nm,	which	correlated	with	the	

VP	protein	concentration	[104].	In	addition,	the	UV	spectra	allowed	monitoring	of	VP	aggregation.	

The	 dynamic	 light	 scattering	 showed	 that	 the	 VP	 samples	were	 not	 uniform	with	 possible	 slight	

aggregation	 at	 pH	 7.4	 and	 instantaneously	 aggregated	 upon	 acidification	 to	 pH	 5	 [105].	

Furthermore,	VP	aggregation	due	to	acidification	developed	over	minutes	to	hours.	
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However,	 these	methods	 failed	to	give	high-resolution	PSD	to	 investigate	VP	aggregation	 in	detail	

[106].	Finally,	size	distribution	analysis	of	influenza	VP	was	shown	by	analytical	SEC	[107],	but	was	

not	compared	to	other	high-resolution	PSD	measurement	methods.	

One	 of	 the	 most	 used	 methods	 to	 obtain	 PSD	 of	 nanometer-sized	 particles	 is	 analytical	

ultracentrifugation	(AUC)	[108].	AUC	has	the	advantage	of	obtaining	high-resolution	PSD	but	comes	

with	significant	 investment	costs	due	 to	 the	equipment	 itself	and	 its	operation.	Therefore,	AUC	 is	

only	 used	 in	 research	 in	 need	 of	 its	 high-end	 measurement	 capabilities	 and	 detection	 modes.	

Because	of	that,	much	simpler	centrifuges	were	recently	developed	to	overcome	this	drawback	and	

make	PSD	measurements	more	 accessible	 to	 a	wider	user	base.	Generally,	 these	 systems	 employ	

limited	rotor	speeds	with	a	fixed	monochromatic	detection	system	[108].	

The	CPS	DC24000	UHR	disc	 centrifuge	 system	 from	CPS	 Instruments	 (LA,	USA)	 is	 such	a	 system.		

It	 uses	 DCS	 disc	 centrifugation	 to	 measure	 PSD.	 The	 principle	 is	 outlined	 and	 compared	 to	

traditional	integral	sedimentation	in	Figure	3.	The	disc	centrifuge	construction	principle	is	shown	in	

Figure	4.	

The	DCS	measurement	principle	is	based	on	the	sedimentation	times	of	the	measured	particles	with	

unknown	 size	 but	 known	 buoyant	 density	 in	 a	 density	 gradient	 fluid	with	 known	 density	 [109].	

With	additional	 characterization	parameters,	 the	 steady	 state	 can	be	describe	by	Stokes’	 law	and	

the	centrifugal	force	shown	in	Formula	1-2	[110].	

	 	 	 	 𝐹" = 3πDηv = 3πDη )*
+,

 ,	 	 (1)	

where	 FS	 is	 the	 Stokes	 force	 (N),	 D	 is	 the	 Stokes/hydrodynamic	 diameter	 (m),	 η	 is	 the	 dynamic	

viscosity	(Pa	s),	and	v	is	the	sedimentation	viscosity	(m	s-1).	

	 	 	 	 𝐹- =
.
/
𝐷1(𝜌4 − 𝜌6)𝜔9𝑟 ,	 	 (2)	

where	FC	 is	the	centrifugal	 force	(kg	m	rad	s-1),	D	 is	the	Stokes/hydrodynamic	diameter	(m),	ρP	 is	

the	 particle	 density	 (kg	m-3),	 ρF	 is	 the	 fluid	 density	 (kg	 m-3),	 ω	 is	 the	 angular	 velocity	 (rad	 s-1),		

and	r	is	the	radius	of	rotation	(m).	DCS	disc	centrifugation	offers	high-resolution	PSD	measurement	

capabilities	when	compared	to	other	PSD	measurement	technologies,	such	as	nanoparticle	tracking	

analysis	and	tunable	resistive	pulse	sensing,	as	well	as	established	static	or	dynamic	light	scattering	

methods	[106].	Additionally,	DCS	with	a	CPS	DC24000	UHR	disc	centrifuge	was	already	reported	for	

the	 evaluation	 of	 the	 PSD	 of	 recombinant	 adeno	 VP	 [111,112],	 L1	 virus-like	 particles	 [113],	 and	

influenza	VP	[110],	rendering	it	the	method	of	choice	for	investigating	influenza	VP	aggregation	for	

this	doctoral	thesis	[114].	
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Figure	3	Integral	and	differential	centrifugal	sedimentation 

(A)	For	 integral	 sedimentation	 the	sample	 is	 centrifuged	and	bigger	particles	 settle	before	

smaller	 particles.	 The	 method	 name	 is	 derived	 from	 the	 resulting	 sum	 or	 integral	 of	 all	

particles	 that	 passed	 the	 detector	 after	 a	 certain	 time.	 (B)	 In	 contrast,	 for	 differential	

centrifugal	sedimentation	(DCS)	the	sample	is	applied	on	top	of	a	density	gradient	fluid.	The	

particles	are	separated	in	the	density	gradient	based	on	their	size.	Therefore,	only	a	fraction	

or	 a	differential	part	of	 the	applied	particle	population	 is	passing	 the	detector.	 (Note:	The	

description	 assumes	 equal	 buoyant	 densities	 of	 the	 different-sized	 particles.	 The	

sedimentation	 process	 is	 more	 complex	 with	 mixed	 particle	 buoyant	 densities.)	 Figures	

adapted	with	permission	from	[109].	

	

Figure	4	Disc	centrifuge	construction	principle	

(A)	 Schematic	 cross	 section	 of	 the	 CPS	 DC24000	 UHR	 centrifuge	 disc	 adapted	 with	

permission	from	[109].	(B)	Rotating	centrifuge	disc	with	injected	gradient	buffer	pushed	to	

the	chamber	bottom	inside	the	centrifuge	disc.	Detector	is	visible	on	the	right	side	with	the	

“CPS”	label.	 	
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2.6 Immunization studies in mice 
Influenza	animal	models	are	used	for	the	preclinical	evaluation	of	potential	vaccines	to	investigate	

their	safety	and	efficacy	in	preventing	or	moderating	infection	or	disease.	For	these	investigations	

different	 animal	 models	 with	 specific	 advantages	 and	 disadvantages	 are	 used,	 i.e.,	 mice,	 ferrets,	

cotton	rats,	hamsters,	guinea	pigs,	and	macaques	[115].	

The	mouse	model	 for	 influenza	 research	 is	 the	most	widely	 used	 animal	model	 due	 to	 practical	

implications,	 i.e.,	animal	size,	mice-specific	reagents,	possibility	of	genetic	engineering,	husbandry	

requirements,	 and	 costs.	 In	 addition,	 the	 mouse	 model	 is	 considered	 the	 best	 choice	 for	 the	

preliminary	 assessment	 of	 influenza	 vaccine	 safety	 and	 efficacy.	 Furthermore,	 the	 mouse	 model	

allows	to	use	a	large	number	of	animals	to	obtain	statistically	robust	data	[115].	

The	symptoms	of	a	severe	influenza-associated	disease	include	in	most	cases	ruffed	fur,	huddling,	

lethargy,	anorexia,	and	death.	For	the	assessment	of	vaccine	efficacy,	body	weight	loss	and	mortality	

are	 generally	monitored	 after	 infection.	 Of	 note	 are	 differences	 in	 the	 symptoms	 of	 an	 influenza	

infection	 in	 mice	 and	 humans.	 Mice	 do	 not	 develop	 fever,	 coughing,	 or	 sneezing,	 and	 the	 virus	

spreads	differently	in	the	respiratory	tract.	In	addition,	influenza	is	generally	more	severe	in	mice	

than	in	humans	and	the	virulence	does	not	always	correlate	between	mice	and	humans	[115].	

In	 the	 scope	 of	 this	 doctoral	 thesis,	 a	 standard	 mouse	 model	 for	 influenza	 research	 based	 on	

C57Bl/6	mice	and	influenza	A/PR	was	used	(see	section	3.5).	
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3 MATERIALS AND METHODS 

3.1 Buffers and media solutions  
For	 all	 aqueous	 solutions,	 ultrapure	 water	 produced	 with	 a	 Milli-Q	 Advantage	 A10	 water	

purification	 system	 (Merck	 KGaA,	 Darmstadt,	 Germany)	was	 used.	 The	 ultrapure	water	 used	 for		

LC-MS/MS	 sample	 preparation	was	 filtered	 through	 an	 additional	 LCPAK0001	 filter	 unit	 (Merck	

KGaA,	Darmstadt,	Germany)	to	remove	trace	organic	compounds.	

The	chemicals	used	for	the	buffers	and	the	cell	culture	media	had	a	≥99%	purity	and	were	obtained	

from	Sigma-Aldrich	Co.	LLC.	(St.	Louis,	USA)	unless	noted	otherwise.	

3.2 Screening buffers 
The	 following	 salts	 were	 used	 for	 the	 HS	 ion	 screening:	 Na2SO4	 (S9627),	 Na2HPO4	 (S8282),	

NaH2PO4	(S7907),	NaCl	(S7653),	NaBr	(71329),	NaNO3	(S8170),	NaI	(793558),	CaCl2	(C5080),	KCl	

(P9333),	 LiCl	 (62476),	 and	 MgCl2	 (M2670).	 The	 Na+	 and	 Cl-	 salts	 were	 used	 because	 they	 are	

considered	reference	points	in	the	HS	series	[11].	The	concentrations	used	for	the	screening	were	

20,	60,	and	540	mM	for	all	salts.	Additionally,	NaCl	was	screened	in	a	concentration	of	180,	1020,	

and	 1500	 mM.	 The	 salts	 were	 used	 in	 a	 10	 mM	 Tris-HCl	 pH	 7.4	 standard	 buffer	 (SB)	 at	 room	

temperature	(RT,	25°C).	All	concentrations	were	based	on	the	ion	of	interest	and	were	not	adapted	

for	the	counterions	[114].	

The	HS	buffers	were	prepared	by	dissolving	0.605	g	of	Tris-base	(T6791)	and	the	salt	of	interest	in	

450	mL	 ultrapure	 water.	 Then,	 the	 pH	 was	 titrated	 with	 HCl	 (100317,	 Merck	 KGaA,	 Darmstadt,	

Germany)	to	pH	7.4	and	the	solution	was	filled	up	to	500	mL	with	ultrapure	water.	The	Na+/PO43-	

buffer	 was	 also	 prepared	 with	 0.605	 g	 of	 Tris-base.	 The	 acidic	 salt	 NaH2PO4	 and	 the	 basic	 salt	

Na2HPO4	were	weighted	in	to	obtain	a	neutral	pH	from	the	resulting	HPO42-/H2PO4-	buffer	system.	

Because	 of	 the	 additional	 Tris-base	 this	 was	 followed	 by	 titration	 with	 HCl	 to	 pH	 7.4.		

Finally,	 0.05%	 of	 NaN3	 (71290)	 was	 added	 to	 prevent	 microbial	 growth	 followed	 by	 a	 0.2	 µm	
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filtration	with	a	bottle	top	filter	(514-0340,	VWR,	Radnor,	USA)	to	remove	particles	and	storage	at	

4°C.	All	HS	buffers	were	warmed	up	to	RT	before	being	used	for	dialysis	(see	section	3.4.4)	[114].	

3.3 Upstream processing 
Influenza	 VP	 production	was	 carried	 out	 in	 adherent	 and	 suspension	MDCK	 cell	 lines,	 shown	 in	

detail	 in	 section	 3.3.1and	 3.3.2,	 respectively.	 The	 virus	 seed	 for	 production	 was	 produced	 in	

adherent	MDCK	 cells	 (MDCKADH,	 ECACC	No.	 84121903)	with	 A/PR	 (3138,	 Robert	 Koch	 Institute,	

Berlin,	Germany)	and	had	a	TCID50	of	108	infectious	VP	mL-1	[116–118].	

The	 VP	 produced	 in	 the	 adherent	 system	will	 be	 named	A/PRADH	 and	 for	 the	 suspension	 system	

A/PRSUS	thereafter.	

3.3.1 Adherent MDCK production system 
MDCKADH	cells	were	cultivated	in	GMEM-BHK21	medium	(22100-093,	Thermo	Fisher	Scientific	Inc.,	

Massachusetts,	 USA)	 complemented	 with	 10%	 v/v	 fetal	 calf	 serum	 (FCS,	 F7524),		

0.2%	 w/v	 lab-FMV-peptone	 (MC033,	 Lab	 M	 Ltd.,	 Heywood,	 UK),	 1	 g	 L-1	 D-(+)-glucose,		

4	g	L-1	NaHCO3.	VP	production	in	MDCKADH	cells	was	carried	out	in	850	cm2	roller	bottles	(680160,	

Greiner	 Bio	 One	 International	 GmbH,	 Frickenhausen,	 Germany).	 The	 cells	 were	 washed	 3x	 with	

phosphate	 buffer	 saline	 (PBS)	 and	 fresh	 medium	 without	 FCS	 and	 5	 x	 105	 units	 trypsin	 mL-1	

(27250-018,	 from	 porcine	 pancreas,	 Thermo	 Fisher	 Scientific	 Inc.,	 Massachusetts,	 USA)	 before	

infection	with	0.5	mL	VP	seed	with	a	multiplicity	of	infection	(MOI)	of	10-4.	72	hour	post	infection	

(hpi)	the	VP	broth	was	harvested	[114,116–118].	

3.3.2 Suspension MDCK production system 
Suspension	 MDCK	 cells	 (MDCKSUS2)	 were	 derived	 from	 MDCKADH	 cells	 and	 were	 cultivated	 in	 a		

2x	 concentrated	 chemically	 defined,	 protein-	 and	 peptide-free	 SMIF8	 PGd	 medium	 (M008-2b,	

Service	 Zellkultur	 Scharfenberg,	 Emden,	 Germany).	 The	 medium	 was	 supplemented	 with		

5	g	L-1	NaCl,	3.66	g	L-1	D-(+)-glucose,	2	g	L-1	NaHCO3,	0.242	g	L-1	L-glutamic	acid,	4	mM	L-glutamine,		

4	mM	pyruvate,	10	mL	L-1	10%	Pluronic-F68,	and	1	µL	L-1	98%	ethanolamine.	Cell	growth	and	VP	

infection	was	carried	out	in	a	5	L	stirred	tank	bioreactor	(CT5-SK,	Sartorius	Stedim	Biotech	GmbH,	

Göttingen,	 Germany)	 with	 10-5	 units	 trypsin	 cell-1	 (27250-018,	 from	 porcine	 pancreas,	 Thermo	

Fisher	 Scientific	 Inc.,	Massachusetts,	USA)	 and	a	MOI	of	10-4.	The	VP	broth	was	harvested	72	hpi	

[114,116–118].	

3.3.3 Influenza virus particle production for analytical method comparison 
The	 influenza	 VP	 production	 for	 analytical	 method	 comparison	 was	 carried	 by	 Anja	 Serve		

(Max	 Planck	 Institute	 for	 Dynamics	 of	 Complex	 Technical	 Systems,	 Magdeburg,	 Germany)	 as	

published	 in	 a	 technical	 note	 with	 shared	 first	 authorship	 (for	 details	 on	 the	 contributions	 see	

section	8.5)	[24].	
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The	 VP	 for	 the	 experiments	 in	 section	 3.4.5	 and	 3.4.7	 were	 produced	 according	 to	 the	 previous	

section	 3.3.1	 with	 MDCKADH	 and	 a	 scaled	 down	 process	 based	 on	 section	 3.3.2.	 with	 MDCKSUS2	

including	 several	 modifications:	 Production	 was	 carried	 out	 in	 250	mL	 vented	 shaker	 flasks	 for	

MDCKSUS2	with	2	x	10−6	units	trypsin	cell-1	and	an	MOI	of	0.025.	Harvest	clarification	was	carried	out	

by	centrifugation	at	150	g	for	20	min	at	RT	with	a	Avanti	J-20XP	tabletop	centrifuge	[24].	

3.4 Downstream processing 

3.4.1 Virus broth clarification and inactivation 
The	obtained	VP	broth	was	clarified	with	a	5	µm	(CFAP0508YY,	GE	Water	&	Process	Technologies,	

Trevose,	USA)	and	a	0.65	µm	depth	filter	(CFAP9608YY,	GE	Water	&	Process	Technologies,	Trevose,	

USA)	 followed	 by	 chemical	 inactivation	 with	 β-propiolactone	 (33672.01,	 Serva	 Electrophoresis,	

Heidelberg,	Germany)	at	a	final	concentration	of	6	mM.	Incubation	for	inactivation	was	carried	out	

at	 37°C	 for	 24	 h.	 After	 that,	 the	 inactivated	 VP	 broth	 was	 filtered	 with	 a	 0.45	 µm	 depth	 filter	

(CMMP9408YY,	 GE	 Water	 &	 Process	 Technologies,	 Trevose,	 USA)	 to	 obtain	 the	 filtered	 and	

inactivated	 VP	 broth	 [114].	 Successful	 inactivation	 was	 verified	 before	 the	 subsequent	 steps	 as	

described	in	previous	work	[64].	

3.4.2 Tangential flow filtration concentration for aggregation studies 
The	 filtered	 and	 inactivated	 VP	 broth	 (see	 section	 3.4.1)	 was	 concentrated	 by	 tangential	 flow	

filtration	 to	 105	 HAU	 mL-1.	 For	 that	 a	 ÄKTAcrossflow	 tangential	 flow	 filtration	 (TFF)	 system		

(GE	 Healthcare	 Bio-Sciences	 AB,	 Uppsala,	 Sweden)	with	 a	 Sartocon	 Slice	 200	 Hydrosart	 cassette	

(prototype,	 Sartorius	 Stedim	Biotech	GmbH,	 Göttingen,	 Germany)	made	 of	 a	 cellulose	membrane	

with	 a	 750	 kDa	 molecular	 weight	 cut-off	 (MWCO)	 was	 used.	 After	 that,	 the	 concentrates	 were	

filtered	with	a	0.1	µm	filter	(SLVV033RS,	Merck	KGaA,	Darmstadt,	Germany)	to	obtain	monomeric	

VP	without	 aggregates	 and	 bigger	 impurities	 for	 the	 subsequent	 aggregation	 studies.	 Finally,	 the	

acquired	VP	samples	were	aliquoted	in	0.5	mL	portions	and	frozen	at	-80°C	[114].	

3.4.3 Tangential flow filtration concentration and diafiltration for 
immunization studies 
A	VP	broth	produced	and	harvested	based	on	the	protocol	in	section	3.3.2	was	20x	volumetrically	

concentrated	 based	 on	 the	 protocol	 in	 section	 3.4.2.	 followed	 by	 10x	 volume	 exchange	 by	

diafiltration	to	50	mM	NaCl	10	mM	Tris-HCl	pH	7.4	preformulation	buffer	(PFB).	The	diafiltration	to	

PFB	enabled	efficient	binding	of	the	VP	to	the	MSCP	or	the	sulfated	cellulose	membrane	adsorbers	

(SCMA)	[119].	

3.4.4 Dialysis for buffer exchange 
Dialysis	 was	 used	 for	 buffer	 exchange	 to	 investigate	 VP	 aggregation	 in	 different	 HS	 buffers.	

Therefore,	 500	 µl	 of	 the	 prepared	 sample	 (see	 section	 3.4.2)	 was	 transferred	 into	 a		
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14	kDA	MWCO	dialysis	tube	(0653.1,	Carl	Roth	GmbH	&	Co.	KG,	Kalrsruhe,	Germany)	followed	by	

overnight	incubation	under	stirring	in	500	mL	HS	buffer	with	a	dialysis	factor	of	1:103	[114].	

Dialysis	tubes	with	a	MWCO	of	14	kDa	were	used	to	avoid	sample	concentration	due	to	increased	

osmotic	pressure	of	higher	concentrated	HS	buffers,	which	could	potentially	induce	VP	aggregation	

[114].	

3.4.5 Influenza virus purification using centrifugation for analytics 
The	 influenza	 virus	 purification	 using	 centrifugation	 was	 carried	 by	 Anja	 Serve	 (Max	 Planck	

Institute	 for	 Dynamics	 of	 Complex	 Technical	 Systems,	 Magdeburg,	 Germany)	 as	 published	 in	 a	

technical	note	with	shared	first	authorship	(for	details	on	the	contributions	see	section	8.5)	[24].	

The	centrifugation	for	analytics	method	involved	a	first	centrifugation	step	to	remove	cell	debris	at	

4	000	g	for	35	min	using	an	Avanti	 J-20XP	tabletop	centrifuge	(Beckman	Coulter,	 Inc.,	Brea,	USA).	

Then,	 the	 smaller	 cell	 compartments	 were	 removed	 with	 a	 centrifugation	 step	 at	 10	 000	 g	 for		

45	min.	After	each	step	the	supernatant	was	transferred	into	a	new	centrifuge	tube	and	the	pellet	

was	discarded.	Finally,	the	VP	were	pelleted	with	a	high-speed	centrifugation	step	at	98	649	g	for	

1.5	h	using	an	Optima	TM	LE-80K	ultracentrifuge	(Beckman	Coulter,	Inc.,	Brea,	USA)	[24–27].	

3.4.6 Production of magnetic sulfated cellulose particles 
Within	this	work	two	different	MSCP	particle	systems	were	developed	and	used,	which	differ	in	the	

particle	raw	material	and	the	sulfation	process	[24,119,120].	

3.4.6.1 Equipment setup and safety precautions for the sulfation reaction 

Note:	It	is	highly	recommended	to	consult	the	supplier’s	product	information	before	working	with	

the	 chemicals	 and	 the	 equipment	 needed	 for	 the	 sulfation	 reaction	 to	 implement	 all	 necessary	

safety	measures!	

In	Figure	5	the	sulfation	reaction	apparatus	scheme	is	shown.	Before	the	apparatus	was	assembled,	

all	 reaction	mixture	 contacting	 parts	 needed	 to	 be	 free	 of	 residual	 water.	 This	 was	 achieved	 by	

washing	all	parts	with	pure	acetone	followed	by	full	evaporation	of	the	acetone	in	a	chemical	hood.	

This	was	very	important	because	water	can	inhibit	the	sulfation	reaction,	which	can	be	indicated	by	

the	formation	of	two	phases	in	the	reaction	mixture.	Furthermore,	water	can	react	very	exothermic	

with	the	chlorosulfonic	acid	(the	term	“violently”	is	used	in	the	supplier’s	product	information!).		

After	 the	 washing	 and	 evaporation	 step,	 all	 parts	 were	 inspected	 for	 defects	 to	 avoid	 potential	

equipment	failure.	Then,	the	sulfation	reaction	apparatus	was	assembled	in	a	chemical	hood	for	the	

sulfation	reaction	according	to	section	3.4.6.2	or	3.4.6.3.	
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Figure	5	Sulfation	reaction	apparatus	scheme.	

Main	 parts	 of	 the	 sulfation	 reaction	 apparatus:	 (A)	 three	 neck	 round	 reaction	 flask,		

(B)	condenser	for	reflux	cooling,	(C)	dropping	funnel	for	the	chlorosulfonic	acid,	(D)	inlet	for	

pyridine	 or	 magnetic	 particles,	 (E)	 vessel	 with	 appropriate	 solution	 for	 heat	 contact,	 (F)	

heating/cooling	unit,	and	(G)	thermometer	for	temperature	monitoring.	

3.4.6.2 Magnetic sulfated cellulose particles production based on Magne™ protein A 
particles 
A	volume	of	30	mL	of	pyridine	(494410)	was	cooled	to	or	below	0°C	before	drop	wise	addition	of	

3.3	mL	chlorosulfonic	acid	(571024).	Slow	addition	of	the	acid	and	proper	cooling	of	the	resulting	

reaction	 mixture	 is	 very	 important	 as	 the	 dissolution	 process	 is	 very	 exothermic	 (see	 section	

3.4.6.1).	 Then,	 20	 mL	 pyridine	 was	 added	 and	 the	 reaction	 mixture	 was	 heated	 to	 65°C	 under	

stirring	 to	dissolve	any	resulting	crystals	of	 the	acid	addition.	After	obtaining	a	 fully	homogenous	

reaction	mixture,	 i.e.,	 no	 recognizable	 undissolved	 crystals	 by	 visual	 inspection,	 the	 temperature	

was	reduced	to	40°C.	Separately,	 the	storage	supernatant	of	400	mg	Magne™	protein	A	core-shell	

magnetic	cellulose	particles	(G8781,	Promega	Corp.,	Madison,	USA)	with	a	size	of	30	to	80	µm	[41]	

was	removed	and	the	particles	were	washed	twice	with	10	mL	pyridine	to	remove	residual	water	

followed	by	resuspension	in	10	mL	pyridine.	Then,	the	resuspended	particles	were	transferred	into	

the	53.3	mL	reaction	mixture	(18:1	pyridine:chlorosulfonic	acid	reaction	mixture	ratio),	followed	by	

cooling	the	reaction	mixture	to	35°C	and	incubation	for	12	h.	If	crystal	formation	occurs	during	the	
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cooling	phase	by	too	low	temperatures,	the	reaction	mixture	needs	to	be	heated	to	65°C	and	cooled	

again	to	35°C	to	obtain	a	homogenous	reaction	mixture.	After	the	incubation,	the	reaction	mixture	

was	 decanted	 and	 the	 MSCP	 were	 washed	 with	 water.	 Finally,	 the	 obtained	 MSCP	 were	

resuspended	 in	 a	 20%	ethanol	water	 solution	 to	 obtain	 a	 50%	v/v	MSCP	 suspension	 for	 storage	

[24,120].	

3.4.6.3 Magnetic sulfated cellulose particles production based on MG 200 magnetic 
macroporous cellulose particles 
The	sulfation	of	the	MG	200	magnetic	macroporous	cellulose	particles	(Iontosorb,	Ústí	nad	Labem,	

Czech	Republic)	with	a	diameter	of	100	 to	250	µm	was	based	on	a	similar	process	as	outlined	 in	

section	3.4.6.2:	The	reaction	mixture	consisted	of	120	mL	pyridine,	which	were	cooled	to	or	below	

0°C,	 before	 6	 mL	 chlorosulfonic	 acid	 were	 added	 dropwise	 (20:1	 pyridine:chlorosulfonic	 acid	

reaction	mixture	ratio).	The	resulting	reaction	mixture	was	heated	to	65°C	to	obtain	a	homogenous	

reaction	mixture	followed	by	cooling	to	42.5°C.	Separately,	15	g	of	MG	200	magnetic	macroporous	

cellulose	 particles	 were	 washed	 with	 pyridine	 to	 remove	 residual	 water.	 Then,	 the	 pyridine-

impregnated	 particles	 were	 added	 to	 the	 reaction	 mixture	 (without	 being	 resuspended	 in	

additional	 pyridine).	 Next,	 the	 reaction	 mixture	 was	 cooled	 to	 42°C	 and	 incubated	 for	 15	 min.		

After	 the	 reaction,	 the	MSCP	were	washed	with	water	 and	were	 stored	 in	 70%	ethanol	 in	water	

[119,120].	

For	the	optimization	of	this	sulfation	process,	reaction	times	of	15,	30	and	45	min	were	tested	and	

the	 resulting	MSCP	were	checked	 for	 integrity	and	 the	dry	weight	per	volume,	 the	zeta	potential,	

and	 the	sulfate	content	were	measured.	The	zeta	potential	was	measured	on	a	Zetasizer	Nano	ZS	

(Malvern	 Instruments	 Ltd.,	 Worcestershire,	 UK).	 The	 sulfate	 content	 was	 derived	 from	 the	 SO2	

content	measured	 by	 IR	 spectroscopy	 (Currenta	 GmbH	&	 Co.	 OHG,	 Leverkusen,	 Germany)	 of	 the	

dried	MSCP	samples.	

3.4.7 Virus particle purification using magnetic sulfated cellulose particles 
for analytics 
For	the	MSCP	purification	(MSCP	from	section	3.4.6.2)	1.75	mL	of	the	50%	v/v	MSCP	solution	was	

used.	The	MSCP	were	washed	3x	with	10	mM	Tris-HCl	pH	7.4.	The	VP	samples	obtained	according	

to	section	3.3.3	were	diluted	1:3	in	10	mM	Tris-HCl	pH	7.4	to	a	final	volume	of	15	mL	to	enable	VP	

binding	 to	 the	 MSCP.	 The	 15	 mL	 were	 pipetted	 onto	 the	 MSCP	 and	 incubated		

1	 min	 under	 mixing	 for	 binding.	 Then,	 the	 supernatant	 was	 discarded	 and	 the	 bound	 VP	 were	

eluted	 in	 1	 mL	 0.6	 M	 NaCl	 10	 mM	 Tris-HCl	 pH	 7.4.	 The	 MSCP	 were	 regenerated	 with	 15	 mL		

2	M	NaCl	10	mM	Tris-HCl	pH	7.4	for	10	min.	The	MSCP	were	equilibrated	by	washing	3x	with	15	ml	

10	mM	Tris-HCl	pH	7.4	before	 the	next	VP	purification.	The	MSCP	purification	was	carried	out	 in	

triplicate	for	A/PRSUS	and	A/PRADH	VP	[24].	
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3.4.8 Positive control antigen preparation 
In	a	first	step	a	crude	positive	control	antigen	(PCA)	was	purified	by	SCMA	chromatography	from	a	

diafiltered	 VP	 sample	 according	 to	 section	 3.4.3	 [19].	 The	 provided	 SCMA	 (prototype,	 Sartorius	

Stedim	 Biotech	 GmbH,	 Göttingen,	 Germany)	 had	 a	 column	 volume	 (CV)	 of	 3	 mL.		

The	chromatographic	purification	method	consisted	of	equilibrating	the	SCMA	with	20x	CV	of	PFB,	

loading	of	65	mL	of	the	diafiltered	VP	sample	onto	the	SCMA,	washing	the	SCMA	with	20x	CV	PFB,	

and	eluting	 the	bound	VP	with	10x	CV	of	600	mM	NaCl	10	mM	Tris-HCl	pH	7.4.	The	elution	peak	

pooling	 for	 the	 crude	 PCA	 was	 based	 on	 the	 light	 scattering	 signal	 indicating	 the	 purified	 VP.		

Then,	 the	 obtained	 crude	 PCA	was	 dialyzed	 overnight	 to	 150	mM	NaCl	 50	mM	 Tris-HCl	 pH	 7.4.		

After	 that,	 sucrose	was	added	 to	 a	 final	 concentration	of	10%	w/v	and	 the	 sample	was	 frozen	at		

-80°C.	After	freezing,	the	samples	were	freeze	dried	overnight	(-49°C,	0.045	mbar,	Christ	Alpha	1-2	

LD,	Martin	Christ	Gefriertrocknungsanlagen	GmbH,	Osterode	am	Harz,	Germany)	and	stored	again	

at	-80°C	to	obtain	the	PCA	[119].	

The	PCA	was	diluted	to	the	desired	HA	concentration	200	µl-1	formulation	buffer	(FB)	made	of	PFB	

with	 357	 µg	 mL-1	 of	 polyinosinic:polycytidylic	 acid	 (poly	 I:C,	 high	 molecular	 weight,	 tlrl-pic,	

Invivogen,	 San	 Diego,	 USA)	 and	 357	 µg	 mL-1	 of	 CpG	 (19404498,	 Eurofins	 Genomics	 GmbH,	

Ebersberg,	Germany)	 as	 adjuvants	 [121]	 .	 The	 formulated	PCA	was	 then	 injected	with	 a	⌀	 0,45	 x		

12	mm	needle	using	an	1	mL	syringe	[119].	

3.4.9 Antigen purification and formulation using magnetic sulfated 
cellulose particles 
The	MSCP	antigen	purification	and	formulation	process	was	designed	to	load	1.0	µg	HA	per	200	µL	

aMSCP	 formulation.	 The	 basis	 for	 the	 aMSCP	 formulations	 were	 500	 µL	 of	 the	 MSCP	 produced	

according	 to	 section	 3.4.6.3.	 The	 MSCP	 were	 washed	 5x	 with	 PFB	 to	 enable	 VP	 binding.		

From	 the	 500	 µL	 diafiltered	 VP	 sample	 according	 to	 section	 3.4.3	 100	 µL	 were	 kept	 for	 SRID	

analytics	and	400	µL,	comprising	6.8	µg	HA	antigen,	were	 loaded	onto	the	conditioned	MSCP.	For	

loading,	the	MSCP	were	incubated	with	the	antigen	solution	for	10	min	at	RT.	After	incubation,	the	

supernatant	was	removed	(400	µL)	to	measure	the	residual	HA	antigen	amount	by	SRID.	With	the	

HA	antigen	amount	in	the	starting	and	the	end	solution,	the	loaded	HA	antigen	on	the	aMSCP	was	

calculated.	After	loading,	the	aMSCP	were	washed	5x	with	500	µL	PFB	to	remove	residual	loading	

material.	Finally,	the	aMSCP	were	suspended	in	700	µL	FB	to	obtain	3x	200	µL	for	injection	with	a		

⌀	0,45	x	12	mm	needle	using	an	1	mL	syringe	[119].	

3.5 Immunization studies 
The	 immunization	 studies	were	 carried	 out	 by	 Sarah	 Frentzel	 (Institute	 of	Medical	Microbiology	

and	Hospital	Hygiene,	 Infection	 Immunology	Group,	University	Hospital	 of	 the	Otto-von-Guericke	

University	Magdeburg,	Germany)	as	published	 in	an	 research	article	with	 shared	 first	 authorship	

(for	details	on	the	contributions	see	section	8.5)	[119].	
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3.5.1 Mice 
For	 the	 immunization	studies,	eight-week-old	 female	C57Bl/6	mice	 (Harlan	Laboratories,	Venray,	

The	 Netherlands)	 were	 used.	 The	 mice	 were	 kept	 in	 a	 specific	 pathogen-free	 environment	

according	to	the	guidelines	of	the	regional	animal	care	committee	[119].	

3.5.2 In vivo titration of the vaccine antigen dose 
An	in	vivo	titration	with	1.0,	7.5,	and	15.0	µg	SCMA	purified	HA	antigen	was	carried	out	before	the	

aMSCP	immunization	experiments.	The	HA	antigen	in	100	µL	PBS	with	50	µg	poly	I:C	and	50	µg	CpG	

was	administered	intraperitoneally	(i.p.)	into	mice	in	triplicate	for	each	antigen	dose	[119].	

The	immunization	experiment	contained	a	first	immunization	(d1),	a	second	after	two	weeks	(d14)	

and	a	third	after	four	weeks	(d28).	Mice	sera	were	sampled	at	day	13	(d13),	27	(d27),	and	41	(d41)	

for	measuring	the	anti-A/PR	antibody	levels	via	ELISA.	At	day	42	(d42)	the	mice	were	challenged	

with	 a	 lethal	 A/PR	 virus	 dose	 and	 their	 weights	 were	monitored	 until	 day	 48	 (d48,	 see	 section	

3.5.4).	At	day	48	they	mice	were	sacrificed	and	the	viral	load	of	the	lungs	was	estimated	(see	section	

3.6.9)	[119].	

	

Figure	6	Immunization	experiment	for	the	in	vivo	titration	of	the	vaccine	antigen	dose	

Figure	adapted	with	permission	from	[119].	

3.5.3 Immunization with antigen-loaded magnetic sulfated cellulose 
particles 
The	aMSCP	and	controls	were	injected	i.p.	into	the	mice	in	200	µl	FB	comprising	50	µg	poly	I:C	and	

50	µg	CpG.	The	immunization	setup	contained	four	mice	groups	(n	=	5):	G1,	aMSCP	loaded	with	1.0	

µg	HA	in	FB;	G2,	1.0	µg	HA	PCA	in	FB	(positive	control);	G3,	1.0	µg	HA	PCA	in	FB	and	blank	MSCP	in	

FB	 injected	 at	 two	 different	 sites	 of	 the	 abdomen	 (antigen-particle	 interaction	 control);		

G4,	FB	(negative	control).	The	immunization	experiment	consisted	of	a	first	immunization	(d1)	and	

a	 second	 immunization	 after	 two	weeks	 (d14).	Mice	 sera	were	 sampled	 at	 day	 13	 (d13)	 and	 27	

(d27)	for	measuring	the	anti-A/PR	antibody	levels	by	ELISA.	 	



Chapter 3: Materials and Methods  

Michael Martin Pieler   23 

At	day	28	 (d28)	 the	mice	were	 challenged	with	 a	 lethal	A/PR	virus	dose	 and	 their	weights	were	

monitored	until	day	34	(d34,	see	section	3.5.4).	At	day	34	they	mice	were	sacrificed	and	the	viral	

load	of	the	lungs	was	estimated	(see	section	3.6.9)	[119].	

	

Figure	7	Immunization	experiment	with	antigen-loaded	magnetic	sulfated	cellulose	particles	

Figure	adapted	with	permission	from	[119].	

3.5.4 Challenge of mice with a lethal virus dose 
The	mice	were	challenged	with	an	active	MDCK	cell-derived	influenza	A/PR	virus	two	weeks	after	

the	 last	 immunization	 (d42	 for	 the	 in	 vivo	 titration,	 see	 section	 3.5.2,	 and	 d28	 for	 the	 MSCP	

immunization,	 see	 section	 3.5.3)	 [122].	 The	 active	A/PR	VP	were	diluted	 in	 25	 µL	PBS	 and	were	

administered	 to	 the	 mice	 nostrils.	 The	 lethal	 dose	 was	 obtained	 in	 earlier	 titration	 studies.		

There,	a	body	weight	loss	of	25%	was	considered	lethal	[122].	The	mice	were	anesthetized	by	i.p.	

injection	 of	 10%	ketamine	 and	2%	xylazin	 (Ceva	Tiergesundheit	GmbH,	Düsseldorf,	 Germany)	 in	

0.9%	NaCl	in	water	before	the	intranasal	infection.	The	mice	weight	was	monitored	daily	after	the	

challenge.	The	mice	were	 sacrificed	by	CO2	euthanasia	after	 six	days	of	 the	 challenge	experiment	

(d48	 for	 the	 in	 vivo	 titration,	 see	 section	 3.5.2,	 and	 d34	 for	 the	MSCP	 immunization,	 see	 section	

3.5.3)	[119].	

3.6 Analytics 

3.6.1 Hemagglutination assay  
The	hemagglutination	assay	was	used	to	estimate	and	compare	VP	concentrations	as	described	by	

Kalbfuss	et	al.	[89].	The	results	are	reported	in	HAU	mL-1.	

3.6.2 Single radial immunodiffusion assay for hemagglutinin antigen 
quantification 
A	SRID	based	on	Wood	et	al.	was	used	for	quantifying	the	HA	amount	[123].	For	the	SRID	a	7x7	spot	

diffusion	matrix	(1%	agarose	gel	with	64	µg	anti-A/PR	serum	mL-1,	03/242,	NIBSC,	Hertfordshire,	

England)	 was	 used.	 An	 in	 house-generated	 SCMA-purified	 A/PR	 standard	 was	 used	 for	

quantification	[73].	
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To	 measure	 the	 HA	 antigen	 on	 the	 aMSCP	 from	 section	 3.4.9,	 sucrose	 was	 added	 to	 a	 final	

concentration	of	10%	w/v	to	the	samples,	followed	by	freezing	at	-80°C	and	freeze	drying	overnight	

(-49°C,	0.045	mbar,	Christ	Alpha	1-2	LD,	Martin	Christ	Gefriertrocknungsanlagen	GmbH,	Osterode	

am	Harz,	Germany).	The	PCA	samples	were	directly	used	in	the	SRID	assay	[119].	

The	 relative	 standard	 deviation	 (RSD)	 of	 the	 derived	 HA	 antigen	 on	 the	 aMSCP	 by	 SRID	

measurements	was	≤	±17%	(n	=	17)	[119].	

3.6.3 Particle size distribution measurements 
For	measuring	the	PSD	of	the	A/PRADH	and	A/PRSUS	VP	samples	a	DCS	disc	centrifuge	method	was	

used	with	several	optimizations	[109,110].	For	the	PSD	measurements,	the	CPS	DC24000	UHR	disc	

centrifuge	(CPS	Instruments	Inc.,	LA,	USA)	was	used	with	a	4	to	16	%	w/v	sucrose	(1.07654,	Merck	

KGaA,	 Darmstadt,	 Germany)	 gradient.	 The	 gradient	 consisted	 of	 nine	 steps,	 i.e.,	 4,	 5.5,	 7,	 8.5,	 10,	

11.5,	13,	14.5,	and	16%	sucrose,	with	a	volume	of	1.6	mL	per	step.	The	gradient	steps	were	injected	

successively	 into	 the	 running	 centrifuge	 disc	 at	 a	 disc	 speed	 of	 24	 000	 revolutions	 per	 minute	

(RPM)	 to	 build	 up	 the	 14.4	mL	 gradient.	 After	 gradient	 layer	 injection,	 the	 gradient	 quality	was	

assessed	by	 injecting	100	µL	of	 the	239	nm	particle	 standard	 (0.3	 -	0.5%	solid	content,	polyvinyl	

chloride	(PVC),	particle	density	ρP	=	1.385	g	mL-1,	CPS	Instruments	Inc.,	LA,	USA)	diluted	1:4.25	in	

the	 corresponding	gradient	buffer.	 If	 the	239	nm	particle	 standard	 injection	was	accepted	by	 the	

CPS	software	and	showed	a	symmetric	and	sharp	peak,	 the	gradient	was	used	for	the	subsequent	

measurement	 after	 10	 min	 of	 equilibration.	 After	 that,	 100	 µL	 of	 the	 239	 nm	 particle	 standard	

dilution	was	injected	again	for	calibration	followed	by	injection	of	100	µL	VP	sample.	(The	double	

injection	 of	 the	 standard	 particles	 helped	 to	 identify	 unusable	 gradients	 before	 the	 gradient	

equilibration	 and	 reduced	 gradient	 evaporation	 to	maximize	 its	 life	 time.)	 The	 gradient	 solution	

was	 removed	 after	 each	measurement	 from	 the	 centrifuge	 disc.	 Then,	 the	 disc	was	 cleaned	with	

(warm)	water	 followed	 by	 drying	 and	 cleaning	with	 pure	 ethanol.	 The	 PSD	measurements	were	

carried	out	in	triplicate	unless	noted	otherwise	[114].	

Previous	work	used	a	dodecane	 layer	on	 top	of	 the	 gradient,	which	was	 injected	on	 the	 gradient	

[110].	 This	 minimized	 gradient	 evaporation	 and	 prolonged	 its	 life	 time.	 However,	 no	 dodecane	

layer	was	used	in	the	implemented	setup	to	avoid	conformational	changes	of	proteins	adsorbed	to	

dodecane-in-water	emulsion	interfaces	[114,124,125].	

3.6.4 Gradient buffer density measurements 
The	gradient	buffer	density	ρGB	in	combination	with	the	particle	density	ρP	directly	affects	particle	

sedimentation	 times	 and	 therefore	 the	 measured	 apparent	 hydrodynamic	 particle	 diameter	 DP.	

Therefore,	correct	ρGB	values	are	of	great	importance	for	obtaining	correct	PSD.	Because	of	that,	an	

previously	outlined	ρGB	measurement	method	employing	 two	differently	 sized	and	dense	particle	

standards	was	 implemented	 [110].	When	ρGB	 is	 directly	 determined	 in	 the	measurement	 system,	

the	solution	 injected	with	the	standard	particles	 for	verifying	gradient	quality	and	for	calibration,	

the	 viscosity	 changes	 of	 the	 gradient	 buffer	 due	 to	 temperature	 changes,	 the	 gradient	 buffer	
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evaporation	over	time,	and	the	unused	gradient	fraction	below	the	detector	beam	are	considered.	

Therefore,	 the	 ρGB	 values	 measured	 with	 this	 method	 are	 closer	 to	 the	 real	 ρGB	 values	 than	

conventional	mass	measurement	of	a	defined	volume	of	the	gradient	buffer	[114].	

To	derive	 the	ρGB,	100	µL	gradient	buffer	without	sucrose	was	spiked	with	a	105	nm	(5%	(w/w)	

solid	 content,	 poly(methyl	 methacrylate)	 (PMMA),	 particle	 density	 ρP	 =	 1.19	 g	 ml-1,	 1:8	 final	

dilution,	 PMMA-R-KM215,	 Microparticles	 GmbH,	 Berlin,	 Germany)	 and	 the	 239	 nm	 particle	

standard	 (ρP	 =	 1.385	 g	 mL-1,	 1:16	 final	 dilution)	 and	 was	 measured	 according	 to	 section	 3.6.3.	

Afterwards,	the	ρGB	was	determined	by	linear	regression	from	the	particle	standard	sedimentation	

times,	the	particle	density	ρP,	and	the	hydrodynamic	particle	diameters	DP	as	shown	in	Formula	3-5	

[110].	The	measurements	to	determine	ρGB	were	carried	out	in	triplicate	[114].	

	 	 	𝑥> = 𝜌>; 	𝑦> =
A

BC(DC)E
; 	𝑖 =105	or	239	nm	particle	standard,	 	 	 	(3)	

where	xi	is	the	linear	equation	placeholder	for	the	particle	density	ρi	(kg	m-3)	and	yi	(s-1	m-2)	is	the	

linear	equation	placeholder	for	the	inverse	product	of	the	sedimentation	time	ti	(s)	and	the	squared	

Stokes/hydrodynamic	diameter	Di	(m).	

	 	 ∆𝑦 = 𝑘∆𝑥 + 𝑑 → 𝑘 = ∆L
∆M
→ 𝑑 = 𝑦> − 𝑘𝑥>,	 	 	 	 	 	(4)	

where	k	 is	 the	 linear	 equation	placeholder	 for	 the	 slope	 (m	kg-1	 s-1),	 and	d	 is	 the	 linear	 equation	

placeholder	for	the	y-axis	segment	(s-1	m-2).	

	 	 𝑦 = 0 → O)
P
=

OLCQ
∆RSC
∆S

∆R
∆S

= 𝜌TU,	 	 	 	 	 	 	(5)	

where	ρGB	is	the	gradient	buffer	density	(kg	m-3).	

3.6.5 Virus particle density measurements 
Determining	the	VP	buoyant	density	ρVP	 is	based	on	a	similar	setup	as	shown	in	section	3.6.4	and	

can	 be	 carried	 out	 simultaneously.	 Therefore,	 a	 VP	 sample	was	 spiked	with	 the	 105	 nm	 and	 the		

239	nm	particle	 standard	 (final	dilutions	were	adapted	 to	 the	VP	 samples)	 and	was	measured	 in	

two	gradient	buffers	with	different	densities,	i.e.,	the	4	to	16%	w/v	standard	gradient	buffer	and	a		

8	 to	 20%	 w/v	 gradient	 buffer.	 After	 that,	 ρVP	 can	 be	 derived	 by	 linear	 regression	 from	 the	

sedimentation	 times	 of	 the	 105	 nm	 particle	 standard	 and	 the	 VP	 in	 the	 two	 different	 gradient	

buffers	 as	 outlined	 in	 Formula	 6-8	 [110].	 For	 the	 linear	 regression,		

the	105	nm	particle	standard	was	used	as	a	reference	because	its	hydrodynamic	size	and	buoyant	

density	is	closer	to	that	of	the	influenza	VP.	The	measurements	to	determine	ρVP	were	carried	out	in	

PBS	in	triplicate	[114].	

	 	𝑎W = 𝜌W; 	𝑏W = (𝜌"B)AYZ[\ − 𝜌W)
B]^_`abcd

Bef
; 	𝑗 =	4	to	16%	or	8	to	20%	gradient	buffer,	(6)	

where	 aj	 is	 the	 linear	 equation	 placeholder	 for	 the	 gradient	 buffer	 density	 ρGB	 (kg	 m-3)	 and		

bj	(kg	m-3)	is	the	linear	equation	placeholder	for	the	105	nm	standard	particle	density	ρStd	(kg	m-3)	
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minus	the	gradient	buffer	density	ρGB	(kg	m-3)	multiplied	with	the	sedimentation	time	tStd105nm	of	the	

105	nm	standard	particles	(s)	divided	by	sedimentation	time	tVP	of	the	VP.	

	 	 ∆𝑏 = 𝑒∆𝑎 + 𝑔 → 𝑒 = ∆j
∆k
→ 𝑔 = 𝑏W − 𝑒𝑎W ,	 	 	 	 	 	(7)	

where	e	is	the	linear	equation	placeholder	for	the	slope	(-),	and	g	is	the	linear	equation	placeholder	

for	the	y-axis	segment	(kg	m-3). 

  𝑏 = 0 → Ol
k
=

OjmQ
∆nom
∆o

∆n
∆o

= 𝜌p4 ,	 	 	 	 	 	 	(8)	

where	ρVP	is	the	VP	buoyant	buffer	density	(kg	m-3).	

3.6.6 LC-MS/MS-based proteome analysis 
The	 LC-MS/MS	 based	 proteome	 analysis	 was	 carried	 by	 Anja	 Serve	 (Max	 Planck	 Institute	 for	

Dynamics	 of	 Complex	 Technical	 Systems,	Magdeburg,	 Germany)	 as	 published	 in	 a	 technical	 note	

with	shared	first	authorship	(for	details	on	the	contributions	see	section	8.5)	[24].	

Briefly,	 pelleted	VP	were	 lysed	 and	heat	 inactivated	 at	 80°C	 for	5	min.	Then,	 55	µg	protein	were	

precipitated	and	resuspended	in	a	urea-containing	buffer.	Finally,	the	proteins	of	the	solutions	were	

bound	 to	 centrifugal	 filter	 units,	 washed	 several	 times,	 digested,	 and	 the	 flow-throughs	 were	

collected	for	LC-MS/MS	analysis	with	an	UltiMate	3000	RSLCnano	splitless	liquid	chromatography	

system	 coupled	 online	 to	 a	 LTQ-Orbitrap	 Elite	 hybrid	 MS	 (Thermo	 Fisher	 Scientific	 Inc.,	

Massachusetts,	USA)	[24].	

3.6.7 Blood collection and preparation of sera 
The	blood	collection	and	sera	preparation	was	carried	out	by	Sarah	Frentzel	(Institute	of	Medical	

Microbiology	and	Hospital	Hygiene,	 Infection	 Immunology	Group,	University	Hospital	of	 the	Otto-

von-Guericke	University	Magdeburg,	Germany)	as	published	in	an	research	article	with	shared	first	

authorship	(for	details	on	the	contributions	see	section	8.5)	[119].	

The	 mice	 sera	 were	 prepared	 from	 mice	 blood	 samples,	 which	 were	 collected	 by	 retrobulbar	

bleeding	one	day	before	the	immunizations	and	at	the	end	of	the	immunization	schedule.	Mice	were	

anesthetized	by	 inhalation	of	 isoflurane	 (N01AB06,	Baxter	AG,	Volketswil,	 Switzerland)	 to	 obtain	

the	blood	samples.	Then,	the	blood	samples	were	incubated	for	20	min	at	RT	followed	by	20	min	at	

4°C.	 After	 that,	 blood	 samples	 were	 centrifuged	 at	 14	 000	 RPM	 for	 10	 min	 at	 4°C.	 Finally,	 the	

supernatants,	i.e.,	mice	sera,	were	stored	at	-20°C	[119].	

3.6.8 Detection of anti-A/PR antibodies by ELISA 
A	traditional	sandwich	ELISA	setup	was	used	for	the	detection	of	the	anti-A/PR	antibodies	in	sera	of	

immunized	 mice.	 The	 immobilization	 of	 the	 capture	 antibody	 was	 carried	 out	 with		

100	µl	anti-A/PR	serum	(03/242,	NISBC,	Hertfordshire,	England)	diluted	1:1000	in	50	mM	Na2CO3	

pH	9.6	coating	buffer	(CB)	followed	by	overnight	incubation	at	4°C	in	Nunc	MaxiSorp	96-well	ELISA	
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plates	(Thermo	Fisher	Scientific	Inc.,	Massachusetts,	USA).	After	that,	the	plates	were	blocked	with	

200	µl	10%	fetal	calf	serum	(Sigma-Aldrich	Co.	LLC.,	St.	Louis,	USA)	for	1	h	at	RT.	Then,	the	plates	

were	washed	 5x	with	washing	 buffer	 (WB)	made	 of	 0.05%	Tween-20	 in	 PBS.	 Afterwards,	 plates	

were	incubated	with	100	µL	inactivated	and	clarified	virus	harvest	produced	according	to	section	

3.4.1	 for	 2	 h	 at	 RT.	 Next,	 the	 plates	 were	 5x	 washed	 with	 WB	 followed	 by	 application	 of		

100	µL	diluted	mice	sera	and	incubation	for	2	h	at	RT.	Then,	the	plates	were	washed	7x	with	WB.	

For	 the	 positive	 control	 100	 µl	 PBS	 with	 0.5	 µg	 mL-1	 monoclonal	 anti-influenza	 virus	 type	 A	

hemagglutinin	antibody	C102	(3IH4,	HyTest	Ltd.,	Turku,	Finland)	was	used.	100	µL	PBS	was	used	

for	 the	 negative	 control.	 After	 that,	 100	 µL	 of	 1:5	 000	 in	 PBS	 diluted	 anti-mouse	 IgG	 whole	

molecule-peroxidase	 antibody	 (A3415,	 Sigma-Aldrich	 Co.	 LLC,	 St.	 Louis,	 USA)	 was	 added	 and	

incubated	 for	 1.5	 h	 at	 RT.	 Next,	 a	 7x	 wash	 with	 WB	 was	 carried	 out.	 Subsequently,	 100	 µl	 of	

3,3′,5,5′-tetramethylbenzidine	liquid	substrate	(T5569,	Sigma-Aldrich	Co.	LLC.,	St.	Louis,	USA)	was	

added	and	 the	enzymatic	 reaction	was	 stopped	after	15	min	with	50	µl	2	M	H2SO4	 (Merck	KGaA,	

Darmstadt,	 Germany).	 Finally,	 the	 absorbance	 after	 the	 color	 reaction	 was	 measured	 at	 a	

wavelength	of	450	nm	(OD	450nm).	The	RSD	for	the	anti-A/PR	antibodies	ELISA	was	≤	±15%	(n	=	

3)	[119].	

3.6.9 Viral load determination by quantitative real-time PCR 
The	 viral	 load	 determination	 by	 quantitative	 real-time	 PCR	 was	 carried	 out	 by	 Sarah	 Frentzel	

(Institute	of	Medical	Microbiology	and	Hospital	Hygiene,	 Infection	 Immunology	Group,	University	

Hospital	 of	 the	 Otto-von-Guericke	 University	 Magdeburg,	 Germany)	 as	 published	 in	 an	 research	

article	with	shared	first	authorship	(for	details	on	the	contributions	see	section	8.5)	[119].	

The	viral	load	estimation	after	the	challenge	experiment	was	based	on	the	nucleoprotein	(NP)	gene	

copy	numbers	obtained	by	quantitative	 real-time	PCR.	 For	 that,	 the	 lung	 tissue	of	 the	 challenged	

mice	was	perfused	with	ice-cold	PBS	after	the	mice	were	sacrificed	at	day	6	post	infection	(p.i.)	by	

CO2	 inhalation.	 After	 that,	 the	 lung	 tissue	 was	 removed	 and	 stored	 in	 RNAlater	 (76106,	 Qiagen	

GmbH,	Hilden,	Germany)	at	-20°C.	After	the	freezing	step	the	tissue	was	homogenized	followed	by	

RNA	isolation	with	the	RNeasy	Mini	Kit	(74106,	Qiagen	GmbH,	Hilden,	Germany).	The	residual	DNA	

was	digested	with	an	RNase-free	DNase	(79254,	Qiagen	GmbH,	Hilden,	Germany)	and	the	resulting	

RNA	preparation	was	 eluted	 in	50	µL	nuclease	 free	water.	 The	RNA	amount	was	quantified	by	 a	

NanoDrop	ND-1000	spectrophotometer	(Thermo	Fisher	Scientific	Inc.,	Massachusetts,	USA).	For	the	

cDNA	synthesis	1	µg	RNA	was	used.	For	the	reverse	transcription	reaction	1.5	µg	random	primers	

and	0.25	µg	oligo-dT	in	a	total	volume	of	12	µL	water	were	used.	The	RNA	samples	were	heated	up	

to	 70°C	 for	 10	 min	 and	 afterwards	 cooled	 down	 on	 ice	 for	 10	 min.	 After	 that,	 the	 reverse	

transcription	 reaction	 mix	 was	 added,	 containing	 1	 µl	 SuperScript	 II	 reverse	 transcriptase,		

1	µl	10	mM	dNTP	mix,	4	µl	5x	first-strand	buffer,	and	2	µl	0.1	M	dithiothreitol	(18064-071,	Thermo	

Fisher	Scientific	 Inc.,	Massachusetts,	USA).	Next,	 the	RNA	samples	were	 incubated	 for	 the	reverse	

transcriptase	 reaction	 at	 42°C	 for	 1	 h	 in	 a	 thermocycler	 (Peqlab,	 Erlangen,	 Germany).	 After	 the	

reaction,	 the	 cDNA	 amount	 was	 estimated	 with	 the	 spectrophotometer.	 From	 each	 reaction		

25	ng	cDNA	was	used	 for	 the	quantitative	real-time	PCR	carried	out	 in	 triplicate	on	a	LightCycler	
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480	system	using	a	LightCycler	480	SYBR	Green	I	Master	reaction	mix	(Roche	Diagnostics	GmbH,	

Mannheim,	Germany).	The	NP	gene	primers	were	used	at	a	concentration	of	500	nM:	sense	primer	

5’GAGGGGTGAGAATGGACGAAAAAC-3’;	 anti-sense	 primer	 5’-	 CAGGCAGGCAGGCAGGACTT-3’.		

For	 generating	 a	 standard	 curve	 an	 external	 NP	 gene	 copy	 standard	was	 used.	 The	 RSD	 for	 the	

quantitative	real-time	PCR	was	≤	±37%	(n	=	3)	[119].	

3.6.10 Statistical analysis 

3.6.10.1 Particle size distribution measurements 
For	the	PSD	single	or	triplicate	measurements	were	carried	out.	The	statistical	analysis	of	the	mean	

apparent	 hydrodynamic	 diameter	 maxima	 of	 the	 monomeric	 VP	 peak	 (AHD)	 of	 triplicates	 was	

carried	 out	 using	 a	 two-sample	 F-test	 assuming	 equality	 of	 variances	 followed	 by	 a	 two-sample	

student’s	 t-test.	 The	 results	 were	 considered	 to	 be	 statistically	 significant	 at	 a	 95%	 confidence	

interval	(p	<	0.05)	[114].	

3.6.10.2 Immunization studies 
The	statistical	analysis	of	the	immunization	data	with	an	unpaired,	two-tailed	student’s	t-test	and	a	

two-way	ANOVA	with	Bonferroni	post-test	using	GraphPad	Prism	v	5.04	(GraphPad	Software	Inc.,	

La	Jolla,	CA,	USA)	was	carried	out	by	Sarah	Frentzel	(Institute	of	Medical	Microbiology	and	Hospital	

Hygiene,	 Infection	 Immunology	 Group,	 University	 Hospital	 of	 the	 Otto-von-Guericke	 University	

Magdeburg,	Germany)	as	published	in	an	research	article	with	shared	first	authorship	(for	details	

on	the	contributions	see	section	8.5)	[119].		

The	 results	 of	 the	 immunization	 experiments	 are	 shown	 as	mean	 ±	 standard	 error	 of	 the	mean	

(SEM).	
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4 RESULTS AND DISCUSSION 

4.1 Investigation of influenza A virus particle aggregation 
The	obtained	data	was	first	published	in	Engineering	in	Life	Sciences	[114]	and	parts	of	the	original	

publication	are	used	hereafter	(for	details	on	the	contributions	see	section	8.5	and	8.8.1).	

4.1.1 Tangential flow filtration concentration 
The	 filtered	 and	 inactivated	 VP	 broth	 produced	 with	 the	 MDCKSUS2	 production	 system	 was	

concentrated	 10x	 by	 volume	 to	 acquire	 9.6	 x	 104	 HAU	 mL-1	 after	 concentration,	 filtration,		

0.5	mL	aliquotation,	 freezing	and	 thawing	 (A/PRSUS).	The	 filtered	and	 inactivated	VP	broth	of	 the	

MDCKADH	cultivation	was	concentrated	40x	by	volume	to	obtain	a	HA	activity	of	1.3	x	105	HAU	mL-1	

(A/PRADH).	Therefore,	the	concentrated	A/PRADH	samples	were	diluted	1:1.4	with	PBS	to	obtain	HA	

activities	of	approximately	105	HAU	mL-1	for	both	samples	for	the	subsequent	dialysis	[114].	

During	 the	 sample	preparation	 for	dialysis	no	 critical	 aggregation	was	observed	 for	A/PRADH	 and	

A/PRSUS	VP	samples.	Nevertheless,	 the	A/PRSUS	sample	still	 showed	minor	 levels	of	dimers,	which	

could	 not	 be	 removed	 completely	 by	 the	 0.1	 µm	 filtration	 shown	 in	 Figure	 8.	 The	 observed	

monomeric	 AHD	maxima	 of	 the	 VP	 peak	 was	 at	 89	 nm	 for	 A/PRADH,	 and	 at	 83	 nm	 for	 A/PRSUS,	

respectively	[114].	

4.1.2 Virus particle density measurements 
To	obtain	accurate	PSD,	the	VP	buoyant	density	ρVP	of	both	VP	samples	was	measured.	The	obtained	

ρVP	were	1.18	g	mL-1	 for	A/PRADH	and	1.17	g	mL-1	 for	A/PRSUS,	respectively	[114],	and	are	 in	good	

agreement	with	reported	values	for	MDCK-derived	influenza	A	VP	measured	with	the	same	method	

with	1.18	and	1.19	g	mL-1	by	Neumann	et	al.	[110].	

The	 measured	 sedimentation	 times	 in	 the	 two	 gradients	 are	 exemplified	 for	 a	 spiked	 A/PRADH	

sample	in	Figure	9.	
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Figure	8	Prepared	virus	particle	samples	used	for	dialysis.	

Virus	 particles	 produced	 in	 the	 adherent	 (A/PRADH)	 and	 suspension	 (A/PRSUS)	 cultivations	

after	 sample	 preparation	 for	 dialysis,	 i.e.,	 concentration	 to	 approximately	 105	 HAU	 mL-1,		

0.1	µm	filtration,	0.5	mL	aliquotation,	freezing	at	-80°C	and	thawing.	The	monomeric	peak	of	

the	A/PRADH	sample	is	about	89	nm	and	for	A/PRSUS	at	about	83	nm.	The	A/PRSUS	sample	still	

shows	a	minor	dimer	peak	at	about	100	nm	after	0.1	µm	filtration	(n	=	1).	

	

	

Figure	9	Sedimentation	time	plot	of	A/PRADH	sample	spiked	with	the	105	nm	and	239	nm	

particle	standard.	

The	105	nm	particle	 standard	 shows	aggregates	up	 to	 tetramers,	which	 are	observable	 as	

additional	peaks	on	the	left	sides	of	the	indicated	105	nm	particle	standard	monomer	peaks.	

Peak	 identity	 was	 confirmed	 by	 separate	 PSD	 measurements	 of	 the	 VP	 samples	 and	 the	

particle	standards	(data	not	shown).	Figure	adapted	with	permission	from	[114].	
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4.1.3 Specific ion effects on virus particle size distributions 
A/PRSUS	was	screened	in	standard	buffer	(SB)	consisting	of	10	mM	Tris-HCl	pH	7.4	and	SB	with	all	

HS	 salts	 in	 a	 concentration	 of	 20,	 60,	 and	 540	mM.	 Furthermore,	 SB	with	 NaCl	was	 additionally	

screened	in	a	concentration	of	180,	1020,	and	1500	mM.	A/PRADH	was	screened	in	SB,	SB	with	20	

mM	NaCl	and	SB	with	20,	60,	540	mM	CaCl2	[114].	

In	a	first	step,	A/PRSUS	was	screened	in	all	NaCl	concentrations	shown	in	Figure	10.	Dimers	in	the	

size	 range	 of	 100	 to	 110	 nm	 were	 present	 in	 low	 levels	 in	 all	 samples	 (indicated	 by	 the	 white	

arrow),	 which	were	 expected	 because	 of	 the	 incomplete	 dimer	 removal	 by	 the	 0.1	 µm	 filtration	

during	 the	 sample	preparation	 shown	 in	Figure	8.	However,	A/PRSUS	dialyzed	against	 SB	 showed	

high	aggregation	with	the	monomeric	peak	at	81	nm,	dimeric	at	101	nm,	trimeric	at	115	nm,	and	

(perhaps)	a	tetrameric	at	about	123	nm	indicated	by	the	black	arrows	above	the	solid	line	in	Figure	

10.		

	

Figure	10	Particle	size	distributions	of	A/PRSUS	in	different	NaCl	concentrations.	

The	A/PRSUS	virus	particles	were	screened	in	standard	buffer	(SB)	and	SB	with	20,	60,	180,	

540,	 1020	 and	 1500	 mM	 NaCl.	 Black	 arrows	 indicate	 the	 presence	 of	 mono-	 (81	 nm),		

di-	(101	nm),	tri-	(115	nm),	and	(perhaps)	tetramers	(about	123	nm)	in	SB.	The	white	arrow	

indicates	 the	 low	presence	of	dimers	 in	 the	other	buffers.	 Figure	adapted	with	permission	

from	[114].	

Generally,	particle	aggregation	can	be	described	by	two	different	critical	concentrations:	the	critical	

coagulation	concentration	(CCC)	and	the	critical	stabilization	concentration	(CSC)	[9–12].	The	CSC	

and	the	CCC	are	splitting	the	reaction	controlled	or	slow	regimes	 from	the	diffusion	controlled	or	

fast	regimes	[9,11].	Additionally,	the	charge	of	the	particles	plays	an	important	role:	aggregation	of	

highly	 charged	 particles	 is	 slow	 in	 high	 salt	 solutions	 whereas	 aggregation	 of	 weakly	 charged	

particle	 is	 fast	 [9].	 Furthermore,	 the	 CCC	 decreases	with	 increasing	 counterion	 valence,	which	 is	

known	as	Schulze-Hardy	rule	[9].	

The	change	of	the	aggregation	status	between	SB	with	and	without	20	NaCl	suggests	a	CSC	below		

20	mM	NaCl.	Based	on	this	observation,	the	VP	must	be	highly	charged	and	hydrophilic	[11].	Of	note	



Investigation of influenza virus particle aggregation and purification with magnetic sulfated cellulose 
particles 

32  Michael Martin Pieler 

is	 that	 all	 PSD	 still	 show	 the	 VP	 monomer.	 This	 can	 be	 explained	 by	 slow	 VP	 aggregation	 or	

disintegration	of	VP	aggregates	during	the	measurement	in	the	sucrose	gradient.	However,	sucrose	

gradients	 were	 also	 used	 in	 previous	 experimental	 setups	 from	 literature	 that	 investigated	

aggregation	of	 influenza	and	adeno	VP	[97,112].	The	experimental	setup	 for	 the	adeno	VP	used	a		

8	 to	 24%	 sucrose	 gradient	 with	 a	 similar	 DCS	 method	 and	 compared	 it	 to	 a	 conventional	 AUC	

method	using	 a	ProteomeLab	XL-A	or	XL-I	 centrifuge	 (Beckman	Coulter,	 Inc.,	 Brea,	USA)	without	

sucrose	 gradient	 [112].	 These	 measurements	 revealed	 a	 consisted	 minor	 reduction	 of	 VP	

aggregates,	suggesting	that	DCS	disc	centrifugation	is	not	changing	the	aggregation	status	[114].	

The	AHD	values	of	 the	monomer	 (81	nm),	 dimer	 (101	nm),	 and	 trimer	 (115	nm)	nicely	 agree	 to	

theoretical	 values	 based	 on	 deformable	 spheres:	 monomer/dimer	 =	 81/101	 nm	 =	 1/1.25	 and	

monomer/trimer	=	81/115	nm	=	1/1.42	[126].	This	good	fit	can	be	explained	by	previous	reports	

that	 showed	 the	 deformability	 of	 influenza	 A	 VP	 in	 AUC	 at	 high	 g-forces	 [127].	 However,	 the	

deformable	 sphere	 model	 was	 not	 fitting	 all	 aggregation	 observations	 (data	 not	 shown),	 which		

indicates	different	VP	deformabilities	in	different	buffers	[114].	

Table	1	Mean	monomeric	apparent	hydrodynamic	diameter	maxima	of	A/PRSUS	in	standard	

buffer	and	standard	buffer	with	NaCl.	

NaCl	 concentration	

in	 standard	buffer	 in	

mM	

AHD	in	nm*	

0	 80.92	±	0.44	

20	 83.24	±	0.50	

60	 86.53	±	0.46	

180	 88.25	±	0.18	

540	 90.00	±	0.22	

1020	 89.32	±	0.89	

1500	 93.74	±	0.19	

*	Data	shown	as	monomeric	AHD	mean	±	standard	error	of	the	mean	(n	=	3).	Table	adapted	

with	permission	from	[114].	

VP	 aggregation	 in	 low	 salt	 solutions	 was	 previously	 reported	 in	 literature	 for	 influenza	 A	 VP,	

influenza	B	VP,	polio	VP,	and	reo	VP	by	EM	[97,99].	However,	in	these	studies	aggregates	consisting	

of	several	hundred	VP	were	detected,	which	can	be	 linked	to	 the	used	EM	sample	preparation	by	

centrifugation	[114].	
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Furthermore,	 the	AHD	increased	with	 increasing	NaCl	concentrations	 for	SB	without	NaCl	and	SB	

with	20,	60,	and	180	mM	NaCl	(p	<	0.05).	Between	SB	with	540	and	1020	mM	NaCl	no	difference	

was	observable	between	the	adjacent	AHD	(p	>	0.05,	see	Table	1)	[114].	

Trends	of	the	monomeric	AHD	of	A/PRSUS	in	SB	with	20,	60,	and	540	mM	of	NaCl,	NaNO3,	KCl,	NaBr,	

Na+/PO43-,	 LiCl,	 and	 CaCl2	 are	 shown	 in	 Figure	 11.	 There,	 the	 monomeric	 AHD	 increased	 with	

increasing	 salt	 concentrations,	 except	 for	 LiCl	 with	 no	 clear	 trend,	 and	 CaCl2	 with	 decreasing	

monomeric	AHD	with	increasing	salt	concentrations	[114].	

	

Figure	11	Monomeric	apparent	hydrodynamic	diameter	maxima	trends	of	A/PRSUS	in	

standard	buffer	with	20,	60,	and	540	mM	salts.	

Monomeric	 apparent	 hydrodynamic	 diameter	 maxima	 (AHD)	 trends	 are	 indicated	 by	 the	

arrows	below	the	header.	AHD	measurements	with	SB	containing	540	mM	of	MgCl2,	Na2SO4,	

and	NaI	were	not	successful	due	 to	 too	 low	differences	between	the	virus	particle	buoyant	

density	and	the	gradient	buffer	density.	Figure	adapted	with	permission	from	[114].	

The	 results	 of	 A/PRSUS	 screened	 against	 SB	with	 20	mM	HS	 ions	 are	 shown	 in	 Figure	 12	 for	 the	

cations	 and	 in	 Figure	 13	 for	 the	 anions.	 The	monomeric	 AHD	 showed	 a	 direct	 HS	 trend	 for	 the	

cations	with	Na+	<	K+	<	Li+	<	Mg2+	and	Ca2+	(Table	2)	[114].	

Additionally,	a	direct	AHD	HS	trend	was	visible	for	the	halogen	anions	with	Cl-	<	Br-	<	I-	(Table	2).	

However,	 in	 both	 cases,	 the	 differences	 between	 the	 neighboring	 AHD	 were	 not	 significant		

(p	 >	 0.05).	 Furthermore,	 there	 were	 no	 visible	 differences	 in	 the	 aggregation	 behavior.		

Only,	Li+	showed	slightly	elevated	aggregation	levels	in	the	range	of	100	to	240	nm	(Figure	12).	In	

addition,	the	Ca2+-containing	buffer	induced	aggregates	up	to	560	nm,	which	are	shown	Figure	18	

[114].	
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Figure	12	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	20	mM	

salts	with	different	cations.	

Figure	adapted	with	permission	from	[114].	

	

	

Figure	13	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	20	mM	

salts	with	different	anions.	

Figure	adapted	with	permission	from	[114].	
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Table	2	Mean	monomeric	apparent	hydrodynamic	diameters	of	A/PRSUS	in	standard	buffer	

with	20	mM	salts.	

HS	ion	 AHD	in	nm*	

Na+	 83.24	±	0.50	

K+	 84.36	±	0.30	

Li+	 86.42	±	0.30	

Mg2+	 87.57	±	0.71	

Ca2+	 88.63	±	0.18	

Cl-	 83.24	±	0.50	

Br-	 83.99	±	0.62	

I-	 85.03	±	1.09	

*	Data	shown	as	monomeric	AHD	±	standard	error	of	the	mean	(n	=	3).	Table	adapted	with	

permission	from	[114].	

Dialysis	against	SB	containing	60	mM	HS	salts	 showed	no	observable	aggregation	 in	 the	 range	of		

60	 to	 240	 nm	 and	 is	 visualized	 in	 Figure	 14	 for	 the	 cations	 and	 in	 Figure	 15	 for	 the	 anions.		

However,	 with	 Ca2+	 there	 was	 again	 aggregation	 observable	 up	 to	 560	 nm	 (Figure	 18).		

All	monomeric	AHD	differed	by	not	more	than	5	nm	without	significant	differences	(p	>	0.05,	data	

not	 shown).	 Interestingly,	 this	 range	was	 slightly	higher	 for	 the	different	anions	compared	 to	 the	

cations	 and	 is	 shown	 in	 Figure	 15.	 This	 is	 interesting	 because	 influenza	 A	 VP	 carry	 a	 negative		

net-charge	 at	 pH	 7.4	 based	 on	 reported	 isoelectric	 points	 in	 the	 range	 of	 5.0	 to	 7.0	 [17,128].	

Therefore,	the	broader	AHD	range	for	the	negatively	net-charged	VP	in	different	anion	buffers	could	

indicate	a	coion	interaction	between	them	[114].	
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Figure	14	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	60	mM	

salts	with	different	cations.	

Figure	adapted	with	permission	from	[114].	

	

	

Figure	15	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	60	mM	

salts	with	different	anions.	

Figure	adapted	with	permission	from	[114].	 	
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Dialysis	against	SB	containing	540	mM	HS	salt	showed	a	similar	picture	to	the	previously	screened	

60	 mM	 concentration.	 The	 9x	 higher	 concentration	 increased	 the	 monomeric	 AHD	 range	 for	

different	cations	shown	in	Figure	16.	Ordering	the	monomeric	AHD	resulted	in	a	reverse	or	indirect	

HS	 with	 Ca2+	 <	 Li+	 <	 K+	 <	 Na+.	 However,	 the	 differences	 between	 the	 adjacent	 AHD	 were	 only	

significant	for	Li+	and	Ca2+	(p	<	0.05).	The	Ca2+-containing	buffer	resulted	again	in	aggregates	up	to	

560	nm	(Figure	18).	This,	and	the	previous	discussed	data	show	that	the	A/PRSUS	VP	are	stable	in	all	

screened	 SB	with	 20,	 60,	 or	 540	mM	HS	 salt	 with	 the	 exception	 of	 SB	with	 Ca2+	 in	 all	 screened	

concentrations.	This	observed	effect	can	be	linked	to	a	high	hydrophilicity	of	the	VP	indicated	by	the	

numerous	 non-aggregating	 ions	 [11].	 The	 observed	 stronger	 effects	 of	 the	 cations	 on	 the	

monomeric	AHD	can	be	linked	to	the	negative	net-charge	of	the	VP	[17,128].	

Table	3	Mean	monomeric	apparent	hydrodynamic	diameters	of	A/PRSUS	dialyzed	against	

standard	buffer	with	540	mM	salts.	

HS	ion	 AHD	in	nm*	

Na+	 90.00	±	0.22	

K+	 89.30	±	0.56	

Li+	 87.18	±	0.57	

Ca2+	 83.34	±	0.39	

*	 Data	 is	 shown	 as	 monomeric	 AHD	 mean	 ±	 standard	 error	 of	 the	 mean	 (n	 =	 3).	 Table	

adapted	with	permission	from	[114].	

	

	

Figure	16	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	540	

mM	salts	with	different	cations.	

Figure	adapted	with	permission	from	[114].	
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Figure	17	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	540	

mM	salts	with	different	anions.	

Figure	adapted	with	permission	from	[114].	

Furthermore,	A/PRADH	was	 compared	 to	A/PRSUS	 in	 SB	with	20,	 60,	 and	540	mM	Ca2+	 to	 observe	

differences	in	the	Ca2+-induced	aggregation	behavior.	The	A/PRADH	VP	showed	a	higher	propensity	

for	aggregation	at	all	screened	Ca2+	concentrations	(Figure	19)	compared	to	A/PRSUS	VP	(Figure	18).	

Of	note	is	the	potential	16-mer	visible	at	214	nm	for	A/PRADH	in	SB	with	20	mM	Ca2+	in	Figure	19.	

The	observed	aggregation	behavior	 for	both	samples	can	be	 linked	to	the	Schulze-Hardy	rule	and	

the	increased	counterion	valence	of	Ca2+.	Conversely,	this	was	not	observed	for	Mg2+.	Therefore,	the	

observed	 effect	 of	 Ca2+	 cannot	 be	 only	 based	 on	 an	 increased	 ion	 valence.	 Controversially,	 Ca2+	

seems	to	stabilize	other	hydrophilic	colloidal	particle	systems	[11].	Further	factors	contributing	to	

the	aggregation	effects	of	Ca2+	could	be	remaining	host-cell	membrane	components	like	cadherins.	

These	 cadherins	 play	 a	 important	 role	 in	 Ca2+-dependent	 mammalian	 cell	 adhesion	 [129].		

Another	 explanation	 could	 be	 a	 decreased	 NA	 activity	 of	 A/PRAHD	 that	 can	 result	 in	 higher	 VP	

aggregation	 [45,103].	 Additionally,	 a	 shift	 to	 smaller	 monomeric	 AHD	 was	 visible	 for	 both	 VP	

samples	when	dialyzed	against	SB	with	540	mM	Ca2+	when	compared	to	lower	Ca2+	concentrations	

in	Figure	18	and	Figure	19	[114].	

Because	 of	 the	 observed	 differences	 in	 the	 aggregation	 behavior	 of	 A/PRSUS	 and	 A/PRADH	 the	

samples	were	screened	in	SB	without	additional	salts	shown	in	Figure	20	and	SB	with	20	mM	NaCl	

shown	 in	 Figure	 21.	 SB	 without	 additional	 salts	 showed	 high	 aggregation	 for	 both	 VP	 samples.	

However,	 aggregates	 were	 bigger	 and	 more	 abundant	 for	 the	 A/PRADH	 sample.		

Moreover,	 A/PRADH	 showed	 aggregation	 up	 to	 tetra-	 and	 pentamers	 in	 SB	 with	 20	 mM	 NaCl.		

Conversely,	 A/PRSUS	 showed	 no	 sign	 of	 increased	 aggregation	 in	 the	 same	 buffer.	 A	 possible	

explanation	 of	 this	 can	 be	 glycosylation	 differences	 of	 the	 viral	 HA,	 which	 is	 located	 in	 high-

abundance	 in	 the	 VP	 membrane.	 This	 is	 in	 agreement	 with	 previous	 work	 on	 HA	 glycosylation	

differences	 for	 influenza	 VP	 produced	 in	 suspension	 and	 adherent	 MDCK	 host-cell	 lines	 [130].	
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Differences	 in	 the	 glycosylation	 could	 potentially	 affect	 VP	 hydrophilicities	 and	 therefore	

aggregation	behavior.	

Additionally,	the	observed	monomeric	AHD	for	both	samples	were	similar	in	SB.	Conversely,	in	SB	

with	20	mM	NaCl,	the	monomeric	AHD	of	A/PRADH	(80	nm)	was	smaller	than	for	A/PRSUS	(83	nm)	

[114].	

	

Figure	18	Particle	size	distributions	of	A/PRSUS	dialyzed	against	standard	buffer	with	20,	60,	

and	540	mM	Ca2+.	

Figure	adapted	with	permission	from	[114].	

	

	

Figure	19	Particle	size	distributions	of	A/PRADH	dialyzed	against	standard	buffer	with	20,	60,	

and	540	mM	Ca2+.	

Figure	adapted	with	permission	from	[114].	
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Figure	20	Particle	size	distributions	of	A/PRSUS	and	A/PRADH	dialyzed	against	standard	

buffer.	

Figure	adapted	with	permission	from	[114].	

	

	

Figure	21	Particle	size	distributions	of	A/PRSUS	and	A/PRADH	dialyzed	against	standard	buffer	

with	20	mM	NaCl.	

Figure	adapted	with	permission	from	[114].	
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4.2 Investigation of influenza A virus particle purification using 
magnetic sulfated cellulose particles 
For	 the	 A/PR	 VP	 purification	 by	 MSCP	 two	 different	 particle	 types	 were	 used:	 MSCP	 based	 on	

Magne™	protein	A	particles	and	MG	200	magnetic	macroporous	cellulose	particles.	

The	MSCP	based	on	the	Magne™	protein	A	particles	were	developed	to	allow	a	 fast	buffer	change	

compared	 to	 dialysis	 for	 the	 VP	 aggregation	 studies	 in	 section	 4.1.	 However,	 buffer	 change	

experiments	with	A/PRADH	carried	out	according	to	section	3.4.7	resulted	in	high	aggregation	levels,	

shown	in	Figure	22.	Because	of	this	clear	disadvantage	for	aggregation	studies,	the	MSCP	based	on	

Magne™	 protein	 A	 particles	 were	 only	 used	 for	 comparing	 a	 MSCP	 purification	 process	 with	 an	

established	centrifugation	method	for	analytics,	which	is	described	in	section	4.2.2.	

MSCP	based	 on	MG	200	magnetic	macroporous	 cellulose	 particles	were	used	 for	 the	 purification	

and	 formulation	 experiments	 described	 in	 section	 4.2.3.	 The	 MSCP	 based	 on	 MG	 200	 magnetic	

macroporous	cellulose	particles	cost	less	and	can	be	produced	in	larger	quantities	compared	to	the	

MSCP	based	on	Magne™	protein	A	particles,	which	was	an	advantage	due	to	the	needed	amounts	for	

the	carried-out	experiments.	

	

	

Figure	22	Adherent	cell	culture-derived	influenza	A	virus	particle	aggregation	using	

magnetic	sulfated	cellulose	particles	based	on	Magne™	protein	A	particles	for	purification	
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4.2.1 Production of magnetic sulfated cellulose particles 

4.2.1.1 Magnetic sulfated cellulose particles based on Magne™ protein A particles 
The	 MSCP	 production	 based	 on	 Magne™	 protein	 A	 particles	 was	 carried	 as	 outlined	 in	 section	

3.4.6.2.	 The	 production	 process	 was	 not	 further	 optimized	 because	 of	 the	 particles	 limited	

applicability	due	to	the	high	raw-material	costs.	

4.2.1.2 Magnetic sulfated cellulose particles based on MG 200 magnetic macroporous 
cellulose particles 
To	optimize	the	sulfation	process	of	the	MG	200	magnetic	macroporous	cellulose	particles,	reaction	

times	of	15,	30,	and	45	min	were	screened	for	the	resulting	dry	weights	and	zeta	potentials	(M.Sc.	

thesis,	N.	Gebert,	see	section	8.8.1)	as	well	as	for	the	sulfate	contents	(Figure	23).	

	

	

Figure	23	Optimization	of	the	MG	200	magnetic	macroporous	cellulose	particles	sulfation	

process	

Dry	weight	in	mg/mL	shown	as	mean	±	standard	deviation	(n	=	3);	sulfate	content	in	%	dry	

weight	 shown	 as	 single	 measurements	 (n	 =	 2);	 zeta	 potential	 in	 mV	 shown	 as	 mean	 ±	

standard	deviation	(n	=	52).	

The	dry	weight	decreased	over	the	reaction	time	due	to	particle	disintegration.	The	zeta	potential	

decrease	can	be	attributed	to	the	sulfation	process	resulting	in	more	negatively	charged	MSCP	over	

time.	However,	the	sulfate	content	is	stable	after	15	min.	Therefore,	the	zeta	potential	decrease	can	

be	 attributed	 to	 some	 degree	 to	 particle	 fragments	 that	 dissociated	 from	 the	 MSCP	 during	 the	

sulfation	process,	which	were	not	present	anymore	in	the	sulfate	content	determination	due	to	the	

washing	steps	of	the	MSCP	sample	preparation.	

The	MSCP	disintegration	over	 the	sulfation	reaction	 time	 is	also	shown	 in	Figure	24.	Because	 the	

MSCP	 disintegration	 was	 not	 visible	 and	 the	 sulfate	 content	 did	 not	 increase	 after	 15	 min		

(Figure	23),	the	15	min	reaction	time	was	used	for	the	final	MSCP	sulfation	process.	
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Figure	24	Magnetic	sulfated	cellulose	particles	disintegration	over	sulfation	time	

The	 MSCP	 disintegration	 was	 visualized	 by	 light	 microscopy	 and	 was	 substantial	 after		

30	min	of	sulfation	reaction	time.	
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4.2.2 Comparison of magnetic sulfated cellulose particles with an 
established centrifugation method for analytics 
The	 obtained	 data	 was	 first	 published	 in	 Analytical	 Chemistry	 [24]	 and	 parts	 of	 the	 original	

publication	are	used	hereafter	(for	details	on	the	contributions	see	section	8.5).	

A/PRSUS	and	A/PRADH	VP	produced	according	to	section	3.3.3	were	used	for	the	investigation	of	the	

MSCP	 purification	 performance.	 The	MSCP	were	 based	 on	Magne™	 protein	 A	 particles	 and	were	

compared	 to	 an	 established	 centrifugation	 method	 for	 analytics	 [26,27,131].	 For	 the	 LC-MS/MS	

analysis	of	the	purified	VP	samples	an	optimized	filter	aided	sample	preparation	(FASP)	was	used	

to	 generate	 tryptic	 peptides	 from	 the	 lysates	 [24,132].	 The	 combination	 of	 FASP	with	 LC-MS/MS	

enabled	 the	 analysis	 of	 the	 influenza	 VP	 proteomes,	which	may	 contain	 additional	membrane	 or	

internalized	host	 cell	protein	 impurities.	With	 this	 setup,	all	 ten	most	abundant	 influenza	A	virus	

proteins	could	be	detected	in	the	purified	samples	of	both	purification	methods.	The	corresponding	

data	is	visualized	in	Figure	25	and	shown	in	Table	4	[24].	

	

	

Figure	25	Comparison	of	identified	viral	and	host	cell	proteins	for	the	influenza	samples	

purified	by	magnetic	sulfated	cellulose	particles	and	centrifugation	for	analytics	

Sample	and	method	abbreviations:	a,	A/PRADH;	s,	A/PRSUS;	M,	MSCP	method;	C,	centrifugation	

method	 for	 analytics.	 Identified	 ten	most	 abundant	 influenza	A	 virus	proteins	 are	marked	

with	a	diamond	(◆).	Figure	reproduced	in	part	with	permission	from	[24]	(Copyright	2015	

American	Chemical	Society).	
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Table	4	List	of	identified	influenza	A	virus	proteins	after	purification	with	magnetic	sulfated	

cellulose	particles	and	a	centrifugation	method	for	analytics	

Protein	name	(abbreviation)	 Coverage	%	 Unique	peptides	

Sample/Method	 a/M	 s/M	 a/C	 s/C	 a/M	 s/M	 a/C	 s/C	

Haemagglutinin	(HA)	 58	 47	 47	 49	 58	 30	 27	 28	

Matrix	protein	1	(M1)	 77	 67	 66	 72	 65	 18	 17	 18	

Matrix	protein	2	(M2)	 56	 49	 47	 49	 8	 5	 4	 5	

Neuraminidase	(NA)	 34	 31	 30	 34	 20	 11	 10	 12	

Nonstructural	protein	1	(NS1)	 82	 76	 68	 74	 34	 19	 14	 17	

Nuclear	export	protein	(NEP)	 33	 22	 22	 27	 5	 3	 3	 3	

Nucleoprotein	(NP)	 72	 74	 72	 72	 82	 38	 34	 37	

Polymerase	acidic	protein	(PA)	 51	 49	 46	 54.9	 40	 29	 27	 35	

Polymerase	basic	protein	1	(PB1)	 30	 36	 30	 41.6	 24	 22	 18	 26	

Polymerase	basic	protein	2	(PB2)	 48	 47	 39	 53	 42	 33	 21	 37	

Sample	and	method	abbreviations:	a,	A/PRADH;	s,	A/PRSUS;	M,	MSCP	method;	C,	centrifugation	

method	 for	 analytics.	 The	 coverage	 percentage	 is	 the	 amino	 acids	 number	 of	 identified	

peptides	divided	by	the	total	amino	acids	number	of	 the	protein.	Table	reproduced	in	part	

with	permission	from	[24]	(Copyright	2015	American	Chemical	Society).	
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The	 obtained	 viral	 proteomes	 also	 contained	 low	 abundant	 proteins	 like	 influenza	 A		

matrix	protein	2	(M2)	and	the	non-structural	protein	1	(NS1)	when	compared	to	previous	literature	

[42,133].	Moreover,	 host	 cell	 proteins	were	 detected	 in	 all	 purified	A/PR	 samples.	 This	was	 also	

previously	shown	in	 literature	and	seems	to	be	due	to	host	cell	proteins	 incorporated	into	the	VP	

[133].	 Overall,	 in	 the	 purified	 samples	 56	 to	 69	 host	 cell	 proteins	 were	 identified	 including	

cytoplasmic	and	membrane-bound	proteins	shown	in	detail	in	Table	5.	Nevertheless,	these	host	cell	

proteins	are	not	necessarily	incorporated	into	the	VP	structure	and	can	be	also	co-purified	with	the	

VP	[24].	

Table	5	Host	cell	proteins	identified	in	purified	influenza	A	virus	particle	samples	

Protein	name	 Occurrence	

40S	ribosomal	protein	S11	 a/M,	a/C	

40S	ribosomal	protein	S17	 a/M,	s/M,	a/C	

40S	ribosomal	protein	S18	 a/M,	s/M,	a/C	

40S	ribosomal	protein	S3	 a/M,	s/M,	a/C,	s/C	

60S	ribosomal	protein	L12	 a/M,	s/M,	a/C	

60S	ribosomal	protein	L13a	 a/M,	s/C	

60S	ribosomal	protein	L15	 a/M,	s/M	

60S	ribosomal	protein	L4	 a/M,	s/M,	a/C,	s/C	

Actin,	cytoplasmic	1	 a/M,	s/M,	a/C,	s/C	

a-centractin	 a/C	

Annexin	A2	 a/M,	s/M,	a/C,	s/C	

Annexin	A4	 a/M,	s/M,	a/C,	s/C	

Annexin	A13	 a/M,	s/M,	a/C,	s/C	

Cadherin-1	 s/C	

Calcyphosin	 a/C	

Calnexin	 a/M,	s/M,	s/C	

Catenin	beta-1	 a/M,	s/M,	a/C,	s/C	

Cathepsin	D	 a/C	

Cathepsin	L1	 a/C	

Caveolin-1	 a/M,	s/M,	s/C	

CD44	antigen	(fragment)	 s/C	
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Protein	name	 Occurrence	

Cell	division	control	protein	42	homolog	 a/M,	s/M,	a/C,	s/C	

Claudin-3	 s/M,	s/C	

Clusterin	 a/M,	s/M,	a/C,	s/C	

Desmin	 a/M,	s/M,	a/C	

Dihydrolipoyl	dehydrogenase,	mitochondrial	 a/M,	s/M	

DLA	 class	 I	 histocompatibility	 antigen,	

A9/A9	α	chain	

a/M,	s/M,	a/C,	s/C	

DLA	class	II	histocompatibility	antigen,	DR-1	

β	chain	

s/M,	s/C	

DnaJ	homolog	subfamily	B	member	11	 a/M,	s/M,	s/C	

Dolichyl-diphosphooligosaccha-ride-protein	

glycosyl-transferase	48	kDa	subunit	

a/M,	s/M,	s/C	

Dystrophin	 a/M	

Endoplasmin	 a/M,	s/M,	s/C	

Ferritin	heavy	chain	 s/C	

Ferritin	light	chain	 s/C	

Galectin-3	 a/M,	s/M,	a/C,	s/C	

Glyceraldehyde-3-phosphate	dehydrogenase	 a/M,	s/M,	a/C,	s/C	

GTP-binding	nuclear	protein	Ran	 a/M,	s/M,	a/C,	s/C	

Guanine	 nucleotide-binding	 protein	 G(i)	

subunit	α-2	

a/M,	s/M,a/C,	s/C	

Guanine	 nucleotide-binding	 pro-tein	

G(I)/G(S)/G(T)	subunit	ß-1	

a/M,	s/M,	a/C,	s/C	

Guanine	 nucleotide-binding	 protein	 G(s)	

subunit	α	

a/M,	s/M,	a/C,	s/C	

Guanine	 nucleotide-binding	 protein	 subunit	

a-11(F)	

s/C	

Heat	shock	70	kDa	protein	1	 a/M,	s/M,	a/C,	s/C	

Heat	shock	70	kDa	protein	4	 a/M,	s/M,	a/C	

Heat	shock	protein	ß-1	 a/M,	s/M	
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Protein	name	 Occurrence	

Hypoxanthine-guanine	

phosphoribosyltransferase	

s/M,	a/C	

Intercellular	adhesion	molecule	1(fragment)	 a/M,	s/M	

Interferon-induced	GTP-binding	protein	Mx1	 a/M,	s/M,	a/C	

Keratin,	type	I	cytoskeletal	10	 a/M,	s/M,	a/C,	s/C	

Keratin,	type	I	cytoskeletal	9	 a/M	

Keratin,	type	II	cytoskeletal	1	 a/M,	s/M,	a/C,	s/C	

Keratin,	type	II	cytoskeletal	2	 a/M,	s/M,	a/C	

Myosin-9	 a/M,	s/M,	a/C,	s/C	

Na-cytochrome	b5	reductase	3	 s/M	

Nucleoside	diphosphate	kinase	A	 a/M,	s/M,	s/C	

Nucleoside	diphosphate	kinase	B	 a/M,	s/M,	a/C,	s/C	

Phosphatidylethanolamine-binding	protein	1	 a/M,	s/M,	a/C,	s/C	

Podocalyxin	 a/M,	s/M,	a/C,	s/C	

Protein	 transport	 protein	 Sec61	 subunit	 α	

isoform	1	

s/M,	s/C	

Pyruvate	kinase	PKLR	 a/M,	s/M,	a/C,	s/C	

Rab	GDP	dissociation	inhibitor	α	 a/M,	s/M,	a/C	

Rab	GDP	dissociation	inhibitor	ß	 a/M,	s/M,	a/C,	s/C	

Ras-rel.	C3	botulinum	toxin	substrate	1	 a/M,	s/M,	s/C	

Ras-rel.	protein	Rab-10	 s/M,	s/C	

Ras-rel.	protein	Rab-1A	 a/M,	s/M,	a/C,	s/C	

Ras-rel.	protein	Rab-5C	 a/M,	s/M,	a/C,	s/C	

Ras-rel.	protein	Rab-7A	 a/M,	s/M,	a/C,	s/C	

Ras-rel.	protein	Rab-11A	 a/M,	s/M,	a/C,	s/C	

Ras-rel.	protein	Rab-8A	 s/M,	a/C,	s/C	

Ribosomal	protein	L18	 a/M,	s/M,	a/C,	s/C	

Sarcoplasmic/endoplasmic	 reticulum	

calcium	ATPase	2	

a/M,	s/M	
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Protein	name	 Occurrence	

Serine/threonine-protein	 phosphatase	 PP1-

ß	catalytic	subunit	

a/M,	s/M,	a/C,	s/C	

Serum	albumin	 a/M,	s/M,	a/C	

Sodium/myo-inositol	cotransporter	 s/M,	s/C	

Sodium/potassium-transporting	 ATPase	

subunit	α-1	

a/M,	s/M,	a/C,	s/C	

Sodium/potassium-transporting	 ATPase	

subunit	ß-1	

a/M,	s/M,	s/C	

Spliceosome	RNA	helicase	 a/C	

Sulfotransferase	1A1	 a/M,a/C	

Superoxide	dismutase	[Cu-Zn]	 a/M,	s/M,	a/C,	s/C	

Syntaxin-binding	protein	2	 a/C	

Testin	 a/M,	a/C	

Transforming	protein	RhoA	 a/M,	s/M,	a/C,	s/C	

Translocon-associated	protein	subunit	α	 s/M	

Triosephosphate	isomerase	 a/M,	s/M,	a/C,	s/C	

Tyrosine-protein	kinase	Yes	 a/M,	s/M,	a/C,	s/C	

Ubiquitin-60S	ribosomal	protein	L40	 a/M,	s/M,	a/C,	s/C	

Vasodilator-stimulated	phosphoprotein	 a/M,	s/M,	a/C,	s/C	

Vesicular	integral-membrane	protein	VIP36	 s/C	

Sample	and	method	abbreviations:	a,	A/PRADH;	s,	A/PRSUS;	M,	MSCP	method;	C,	centrifugation	

method	for	analytics.	Table	reproduced	in	part	with	permission	from	[24]	(Copyright	2015	

American	Chemical	Society).	

In	summary,	all	ten	most	abundant	influenza	A/PR	proteins	were	found	in	all	purification	runs	with	

37	host	cell	proteins	for	both	methods	and	VP	samples	visualized	in	Figure	25	[24].	Some	host	cell	

proteins	were	only	found	in	one	host	cell	line,	e.g.,	testin	was	only	identified	with	the	MDCKADH	cell	

line	and	claudin-3	was	only	identified	with	the	MDCKSUS2	cell	line.	In	general,	the	identified	host	cell	

proteins	were	 similar	 for	 both	 host	 cell	 lines	 and	methods	with	 75	 host	 cell	 protein	 hits	 for	 the	

MSCP	 method	 and	 78	 host	 cell	 protein	 hits	 for	 the	 centrifugation	 method	 for	 analytics.	 For	 the	

MSCP	 method	 60	 host	 cell	 proteins	 were	 identified	 for	 both	 host	 cell	 lines	 with	 six	 hits	 only	

identified	 for	 A/PRADH	 and	 nine	 hits	 only	 for	 A/PRSUS.	 Moreover,	 the	 centrifugation	 method	 for	

analytics	 identified	 38	 host	 cell	 proteins	 for	 both	 host	 cell	 lines	 with	 18	 hits	 only	 identified	 for	
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A/PRADH	and	22	hits	only	for	A/PRSUS.	This	demonstrates	a	similar	purification	performance	of	both	

methods	in	terms	of	host	cell	protein	occurrence	in	the	purified	samples	[24].	

A	major	advantage	of	the	MSCP	method	was	the	fast	processing	time,	which	only	needed	20%	of	the	

centrifugation	 method	 for	 analytics	 processing	 time.	 This	 can	 be	 attributed	 to	 the	 long	

centrifugation	times	involved	and	the	limited	sample	number	that	can	be	processed	simultaneously	

with	 the	centrifuge	rotor	 [24].	Furthermore,	 the	 found	contaminating	host	cell	protein	number	 in	

the	samples	could	be	reduced	by	additional	washing	steps	for	both	methods	with	the	drawback	of	

increased	 processing	 time.	 The	 processing	 time	will	 increase	 a	 few	minutes	 for	 every	 additional	

washing	 step	 for	 the	 MSCP	 method.	 Contrary,	 for	 the	 centrifugation	 method,	 every	 additionally	

washing	step	will	increase	the	processing	time	by	approximately	90	min	[24].	

4.2.3 Immunization studies in mice using magnetic sulfated cellulose 
particles 
The	 obtained	 data	was	 first	 published	 in	 Vaccine	 [119]	 and	 parts	 of	 the	 original	 publication	 are	

used	hereafter	(also	see	section	8.5).	

4.2.3.1 Establishment of the antigen dose needed to induce antiviral immunity in mice 
In	a	first	step,	the	HA	antigen	dose	resulting	in	an	effective	antiviral	immunity	was	estimated	from	

using	soluble	HA	antigen	with	adjuvants.	From	this	dose	finding	experiment,	the	antigen	amount	for	

the	 subsequent	 aMSCP	 immunization	 experiment	 was	 derived.	 For	 this	 1.0,	 7.5,	 and	 15.0	 µg	 HA	

antigen	were	 tested	with	Poly	 I:C	and	CpG	 in	mice.	The	 immunization	scheme	consisted	of	a	 first	

injection	(d1)	followed	by	a	second	injection	after	two	weeks	(d14)	and	a	third	injection	after	four	

weeks	(d28).	Mice	were	bled	retrobulbar	to	obtain	sera	for	the	anti-A/PR	antibody	ELISA	one	day	

before	 the	 first	 injection	 (d0),	 the	 second	 (d13),	 the	 third	 (d27),	 and	 six	 weeks	 after	 the	 first	

injection	 (d42).	 First	 anti-A/PR	 antibody	 responses	 were	 already	 observable	 at	 day	 13	 (d13)	

derived	 from	 a	 single	 immunization.	 The	 highest	 anti-A/PR	 antibody	 response	was	 present	with		

7.5	µg	and	15.0	µg	HA	antigen.	After	42	days	(d42)	and	the	three	antigen	 injections,	 the	resulting	

anti-A/PR	antibody	responses	showed	similar	levels,	demonstrating	that	all	three	HA	antigen	doses	

were	able	to	induce	a	strong	immune	response	[119].	The	anti-A/PR	antibody	responses	are	shown	

in	detail	in	Figure	26.	

The	mice	immunized	with	1.0	µg	HA	antigen	were	infected	intranasally	with	a	lethal	dose	of	active	

A/PR	 after	 the	 immunization	 (d42)	 to	 evaluate	 if	 the	 lowest	 antigen	 dose	 offers	 protection.		

After	infection,	the	mice	body	weights	were	measured	for	6	days	p.i..	After	that,	the	NP	gene	copies	

in	 the	mice	 lungs	were	measured	 to	 indicate	 the	viral	 load.	 In	 these	 subsequent	 experiments	 the	

groups	 were	 compared	 to	 the	 negative	 control	 group,	 which	 was	 mock-immunized	 with	 PBS.		

The	 group	 immunized	 with	 1.0	 µg	 HA	 antigen	 showed	 no	 relative	 body	 weight	 loss	 with		

98.65	±	1.06%	shown	in	Figure	27	and	no	signs	of	disease.	In	contrast,	the	negative	control	group	

immunized	with	PBS	 showed	 signs	 of	 a	 influenza	 infection-associated	disease	 after	 the	 challenge	

paired	with	a	significant	relative	body	weight	loss	with	88.0	±	3.07%	after	4	days	p.i.	[119].		
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Figure	26	Anti-A/PR	antibody	responses	measured	by	ELISA	after	immunization	for	the	

establishment	of	the	antigen	dose	in	mice	

Anti-A/PR	antibody	responses	of	1:1	000	diluted	mice	sera	before	and	after	 immunization	

with	 1.0,	 7.5	 and	 15.0	 µg	 hemagglutinin	 (HA)	 antigen	measured	 by	 ELISA	 (n	 =	 3	mice	 per	

group,	data	shown	as	mean	±	standard	error	of	the	mean).	Figure	adapted	with	permission	

from	[119].	

	

	

Figure	27	Relative	body	weight	of	mice	after	infection	with	a	lethal	dose	of	active	A/PR	for	

the	establishment	of	the	antigen	dose	

Mice	groups	immunized	three	times	with	1.0	µg	hemagglutinin	antigen	or	phosphate	buffer	

saline	as	a	negative	control	were	 infected	with	a	 lethal	dose	of	active	 influenza	A/PR	virus		

42	days	post	the	first	immunization.	The	relative	body	weight	loss	was	monitored	until	day	6	

post	 infection	 (n=	 3-4	mice	 per	 group,	 values	 are	 shown	 as	mean	 ±	 standard	 error	 of	 the	

mean;	 ****	 indicates	 significant	 differences	 to	 the	 negative	 control,	 p	 <	 0.0001).	 Figure	

adapted	with	permission	from	[119].	
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Additionally,	 a	 high	 viral	 replication	was	 found	 in	 the	 lung	 tissues	 of	 the	mock-immunized	mice,	

which	 is	 in	 agreement	 with	 the	 body	weight	 loss.	 There,	 a	 392-fold	 NP	 gene	 copy	 increase	 was	

observed	for	the	negative	control	group	with	142067	±	93981	NP	gene	copies	25	ng-1	cDNA	when	

compared	 to	363	±	101	NP	gene	copies	25	ng-1	 cDNA	of	 the	1.0	µg	HA	antigen	 immunized	group	

shown	in	Figure	28	[119].	

In	summary,	the	obtained	results	for	an	antigen	dose	of	1.0	µg	HA	showed	full	protection	against	a	

lethal	 A/PR	 virus	 infection.	 Therefore,	 the	 same	 amount	 was	 used	 subsequently	 for	 the	 aMSCP	

immunization	experiment.	

	

Figure	28	Nucleoprotein	gene	copies	in	the	lung	tissues	of	mice	after	infection	with	a	lethal	

dose	of	active	A/PR	for	the	establishment	of	the	antigen	dose	

6	 days	 post	 infection	 the	 nucleoprotein	 gene	 copy	 number	was	measured	 by	 quantitative	

real-time	PCR	to	estimate	the	viral	load	in	the	lung	tissues	of	the	challenged	mice	(horizontal	

line	indicates	the	mean;	***	indicates	significant	difference,	p	=	0.0007).		Figure	adapted	with	

permission	from	[119].	

4.2.3.2 Immunogenicity of antigen-loaded magnetic sulfated cellulose particles 
The	aMSCP	immunization	experiment	was	carried	out	with	a	antigen	dose	of	1.0	µg	HA,	which	was	

inducing	 a	 potent	 immune	 response	 in	 the	 previous	 experiment	 (see	 section	 4.2.3.1).	 Therefore,	

aMSCP	loaded	with	1.0	µg	HA	antigen	were	 injected	 into	mice	on	day	1	(d1)	and	after	two	weeks	

(d14)	without	a	 third	 immunization.	 It	was	refrained	 from	the	third	 immunization	because	of	 the	

high	 anti-A/PR	 antibody	 responses	 after	 two	 injections	 with	 1.0	 µg	 HA	 antigen	 in	 the	 previous	

experiment	 shown	 in	 Figure	 26.	 Mice	 were	 bled	 retrobulbar	 to	 obtain	 sera	 for	 the	 anti-A/PR	

antibody	ELISA	one	day	before	 the	 first	 injection	(d0),	 the	second	(d13),	and	one	day	before	four	

weeks	 after	 the	 first	 injection	 (d27).	 For	 the	 immunizations	 two	 aMSCP	 batches	were	 produced:	

First	batch	with	an	average	of	2.1	µg	HA	antigen	per	 injection	(Injection	1	A	2.06	µg	HA	200	µL-1,	

Injection	1	B	2.07	µg	HA	200	µL-1)	and	a	second	batch	with	an	average	of	1.2	µg	HA	per	 injection	

(Injection	2	A	1.19	µg	HA	200	µL-1,	Injection	2	B	1.24	µg	HA	200	µL-1).	Antigen	loss	during	aMSCP	

loading	was	tested	beforehand	by	HA	activity	of	the	washing	and	formulation	supernatants	and	was	

negligible	with	about	11%	total	HAU	shown	in	detail	in	Table	6	[119].	 	
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Table	6	Hemagglutination	activity	losses	during	antigen-loaded	magnetic	sulfated	cellulose	

particles	loading	and	washing	

Sample	 Total	HAU	 HAU	%	

diafiltered	A/PRSUS	sample	 25,464	 100%	

supernatant	after	loading	 3,640	 14%	

Wash	1	 1,436	 6%	

Wash	2	 420	 2%	

Wash	3	 234	 1%	

Wash	4	 162	 1%	

Wash	5	 123	 0%	

aMSCP	 suspension	 in	

formulation	buffer	
497	 2%	

	

Immunizations	 resulted	 in	high	 anti-A/PR	antibody	 responses	with	 aMSCP	 (G1)	 and	 the	 antigen-

containing	controls,	i.e.,	1.0	µg	HA	antigen	positive	control	(G2)	and	the	antigen-particle	interaction	

control	 (1.0	 µg	 HA	 antigen	 and	 empty	MSCP	 injected	 at	 two	 different	 sites	 of	 the	 abdomen,	 G3)	

shown	in	Figure	29.	As	expected,	no	antibody	response	was	observable	with	the	mock-immunized	

control	group	(G4).	The	similar	antibody	responses	from	the	aMSCP	(G1)	and	the	free	antigen	(G2	

and	G3)	 could	 be	 explained	 by	 a	 desorption	 of	 the	 aMSCP-bound	 antigen	 after	 injection	 into	 the	

mice	[119].	
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Figure	29	Anti-A/PR	antibody	responses	measured	by	ELISA	after	immunization	of	mice	with	

antigen-loaded	magnetic	sulfated	cellulose	particles	and	controls	

Anti-A/PR	 antibody	 levels	 of	 antigen-loaded	magnetic	 sulfated	 cellulose	 particles	 (aMSCP)	

group	G1,	 positive	 control	G2,	 and	 antigen-particle	 interaction	 control	G3.	 1:1	000	diluted	

mice	 sera	were	analyzed	by	ELISA	 (n	=	5	mice	per	 group,	data	 shown	as	mean	±	 standard	

error	of	the	mean).	Figure	adapted	with	permission	from	[119].	

4.2.3.3 Infection of mice with a lethal influenza virus dose 
To	 evaluate	 the	 protection	 of	 the	 MSCP-purified	 and	 formulated	 vaccine,	 all	 four	 groups	 (G1-4)	

were	challenged	by	intranasal	infection	with	a	lethal	dose	of	active	A/PR	after	immunization	(d28).	

After	 this	 challenge	 the	 health	 status	 including	 the	 body	weight	 was	monitored	 until	 6	 days	 p.i.	

[119].	

Already	at	day	3	p.i.	the	mock-immunized	group	G4	showed	a	significant	relative	body	weight	loss	

with	 93.5	 ±	 0.9%	 (p	 <	 0.001).	 The	 relative	 body	 weight	 of	 the	 mock-immunized	 control	 G4	

decreased	to	76.8	±	1.9%	at	day	6	p.i.	and	the	mice	showed	signs	of	lethargy,	anorexia,	and	ruffed	

fur	 confirming	 a	 severe	 influenza	 infection-associated	 disease.	 In	 comparison,	 the	 relative	 body	

weight	of	the	aMSCP	group	G1	with	101.7	±	1.2%,	the	positive	control	G2	with	103.3	±	1.2%,	and	

the	antigen-particle	 interaction	control	G3	with	103.0	±	2.5%	remained	stable	over	the	6	days	p.i.	

without	any	signs	of	disease.	This	indicated	an	effective	protection	in	all	antigen-containing	groups.	

All	relative	body	weight	courses	are	shown	in	detail	in	Figure	30	[119].	

At	day	6	p.i.	all	mice	were	sacrificed	to	determine	the	viral	 load	of	 the	 lung	tissue	by	quantitative	

real-time	 PCR	 of	 the	 viral	 NP	 gene.	 The	 obtained	 NP	 gene	 copies	 are	 in	 agreement	 with	 the	

observed	relative	body	weight	changes	after	the	challenge.	There,	the	aMSCP-immunized	group	G1	

showed	with	0.9	x	104	±	0.2	x	104	NP	gene	copies	a	408-fold	lower	NP	gene	copy	number	compared	

to	 the	 mock-immunized	 group	 G4	 with	 3.8	 x	 106	 ±	 1.2	 x	 106	 NP	 gene	 copies.	 Furthermore,	 the	
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positive	control	G2	showed	a	138-fold	decrease	with	2.7	x	104	±	1.1	x	104	NP	gene	copies	and	the	

antigen-particle	 interaction	 control	 G3	 a	 316-fold	 decrease	 with	 1.2	 x	 104	 ±	 0.5	 x	 104	 NP	 gene	

copies,	when	compared	to	the	negative	control	G4.	The	NP	gene	copies	are	visualized	in	Figure	31	

[119].	

In	 summary,	 the	 immunization	 with	 aMSCP	 exhibited	 full	 protection	 in	 mice	 against	 a	 lethal	

influenza	A/PR	infection.	Additionally,	the	immune	response	was	similar	to	the	positive	control	G2	

and	antigen-particle	interaction	control	G3	[119].	

	

	

Figure	30	Relative	body	weight	after	infection	with	a	lethal	A/PR	virus	dose	after	

immunization	with	antigen-loaded	magnetic	sulfated	cellulose	particles	and	controls	

Relative	body	weights	over	time	after	challenge	with	a	lethal	A/PR	virus	dose	28	days	post	

the	first	immunization	(n	=	4-5	mice	per	group,	data	shown	as	mean	±	standard	error	of	the	

mean;	 shown	 significant	 differences	 compared	 to	 the	 negative	 control:	 **,	 p	 <	 0.001,	 ****,		

p	<	0.0001).	Figure	adapted	with	permission	from	[119].	
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Figure	31	Nucleoprotein	gene	copies	in	the	lung	tissues	of	mice	after	infection	with	a	lethal	

A/PR	virus	dose	after	immunization	with	antigen-loaded	magnetic	sulfated	cellulose	

particles	and	controls	

Quantitative	real-time	PCR	of	 the	nucleoprotein	gene	 to	estimate	 the	viral	 load	 in	 the	 lung	

tissues	 after	 6	 days	 post	 infection	 (n	 =	 4-5	 mice	 per	 group,	 horizontal	 line	 indicates	 the	

mean;	shown	significant	differences	compared	to	the	negative	control	group:	**,	p	≤	0.002;	

***,	p	≤	0.0009).	Figure	adapted	with	permission	from	[119].	
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5 CONCLUSIONS 

5.1 Investigation of influenza A virus particle aggregation 
The	effect	of	specific	HS	ions	on	the	PSD	of	influenza	A/PR	produced	in	a	suspension	(A/PRSUS)	and	

an	 adherent	 MDCK	 cell	 line	 (A/PRADH)	 was	 successfully	 evaluated	 with	 an	 optimized	 DCS	 disc	

centrifugation	method.	

The	 VP	 produced	 in	 both	 cell	 lines	 showed	 aggregation	 in	 low	 salt	 and	 Ca2+-containing	 buffers.	

However,	the	VP	were	stable	in	buffers	with	a	concentration	of	60	and	540	mM	for	all	screened	HS	

ions.	 Furthermore,	 A/PRSUS	 was	 shown	 to	 be	 stable	 in	 60,	 180,	 540,	 1020,	 and	 1500	 mM	 NaCl.	

Interestingly,	A/PRADH	showed	aggregation	in	20	mM	NaCl	in	contrast	to	A/PRSUS,	which	was	stable	

in	 the	 same	 buffer.	 Additionally,	 A/PRADH	 showed	 aggregation	 with	 larger	 aggregates	 in		

Ca2+-containing	 buffers	 at	 all	 screened	 concentrations	 compared	 to	 A/PRSUS.	 If	 the	 higher	

aggregation	propensity	of	A/PRADH	can	be	linked	to	the	MDCK	production	cell	line	or	the	cultivation	

media	needs	to	be	further	evaluated	in	detail.	

Moreover,	the	high	resolution	DCS	method	allowed	observing	trends	in	the	monomeric	AHD	of	the	

VP	partly	reflecting	an	HS	trend.	

In	summary,	buffer	and	cell	line	changes	can	impact	VP	aggregation	and	should	be	assessed	in	detail	

for	effects	on	DSP	and	vaccine	formulation	in	research	and	development	to	avoid	problems.	

5.2 Investigation of influenza A virus purification and vaccine 
formulation using magnetic sulfated cellulose particles 
First,	 the	 developed	 MSCP	 purification	 was	 compared	 to	 an	 established	 centrifugation	 method	

regarding	 the	 analytics	 of	 influenza	VP.	Both	methods	performed	 similarly	 for	 the	purification	of	

A/PRADH	and	A/PRSUS	in	terms	of	the	number	and	identity	of	protein	impurities.	However,	the	MSCP	

method	 allowed	 a	 faster	 purification	 in	 less	 than	 20%	 of	 the	 time	 needed	 for	 the	 centrifugation	

method.		

The	easy	handling	and	scalability	of	the	MSCP	in	combination	with	the	potential	wide	range	of	VP,	
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bacteria,	and	parasites	binding	to	the	used	sulfated	cellulose	pseudo	affinity	ligand	makes	the	MSCP	

an	interesting	tool	for	analytical	sample	preparation.	

Second,	 the	 proof	 of	 concept	 of	 a	 combined	 MSCP	 purification	 and	 formulation	 process	 for	 an	

influenza	A/PR	whole	virus	vaccine	was	successfully	demonstrated.	The	mice	immunized	with	the	

aMSCP	showed	strong	anti-A/PR	antibody	responses	that	conferred	full	protection	against	a	lethal	

A/PR	virus	challenge.	

The	 immunization	 experiment	 involved	 a	 conventional	 DSP	 employing	 clarification,	 inactivation,	

concentration,	 and	 diafiltration	 of	 the	 harvested	 A/PR	 broth.	 After	 that	 standard	 process,	 the	

additional	VP	purification	by	chromatography	in	bind	and	elute	mode	(carried	out	with	an	SCMA)	

was	 replaced	 by	 binding	 the	 VP	 to	 the	 MSCP.	 Furthermore,	 an	 optimized	 USP	 can	 enable	 a	

simplified	DSP	with	MSCP	to	reduce	the	number	of	needed	unit	operations.	This	could	enable	the	

purification	and	formulation	of	new	vaccine	candidates	for	veterinary	applications	as	well	as	viral	

vectors	 for	 gene	 therapy	 in	 research	 and	 development.	 Moreover,	 MSCP	 can	 be	 used	 in	 high-

throughput	 screenings	 with	 existing	 high-throughput	 magnetic	 particle	 handling	 systems.		

These	advantages	could	help	accelerate	the	research	and	development	of	virus-based	products.	

The	injected	MSCP,	consisting	of	cellulose	with	integrated	Fe3O4	particles,	were	not	degraded	in	the	

course	 of	 the	 immunization	 and	 challenge	 experiments.	 Additionally,	 no	 adverse	 effects	 were	

observed	 in	 mice	 immunized	 with	 aMSCP.	 This	 can	 be	 linked	 to	 the	 biocompatibility	 and	

nontoxicity	 of	 cellulose	 and	 Fe3O4	 particles	 in	 biological	 systems	 [35,37–40].	 However,	 potential	

beneficial	or	adverse	effects	of	the	MSCP	in	veterinary	applications	have	to	be	evaluated	in	future	

studies.	

In	 summary,	 the	 purified	 and	 formulated	 MSCP	 vaccine	 induced	 protective	 immunity	 against	 a	

lethal	A/PR	virus	challenge.		
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6 OUTLOOK 

6.1 Investigation of virus particle aggregation 
The	outlined	DCS	disc	centrifugation	measurement	setup	for	screening	different	buffer	conditions	is	

already	used	for	the	optimization	of	DSP	unit	operations	for	influenza	VP	purification,	where	buffer	

changes	 play	 an	 integral	 part.	 In	 addition,	 the	 method	 can	 be	 easily	 adapted	 to	 other	 VP,	 with	

restrictions	on	very	small	and	light	VP,	which	would	dramatically	 increase	the	measurement	time	

and	 could	 lead	 to	 instabilities	 in	 the	 outlined	 measurement	 system.	 Nevertheless,	 this	 could	 be	

potentially	addressed	with	a	modified	measurement	setup.	

In	principle,	measuring	the	PSD	of	VP	to	reveal	their	aggregation	behavior	is	only	the	first	step	to	

understand	 the	 underlying	 causes.	 To	 identify	 the	 involved	 VP	 features,	 e.g.,	 the	 zeta	 potential,	

hydrophilicity	[134],	glycosylation	[26],	 lipid	composition	[135],	and	other	(maybe	still	unknown)	

VP	features,	additional	analytics	is	needed.	Such	a	comprehensive	approach	could	help	to	pinpoint	

the	VP	features	responsible	for	the	observed	behavior,	i.e.,	aggregation	and	size	changes,	and	could	

show	potential	starting	points	 for	process	optimization.	 In	a	 first	step,	 this	could	help	 to	 improve	

unit	 operations	 and,	 in	 a	 second	 step,	 could	 potentially	 reveal	 interesting	 possibilities	 for	 the	

optimization	of	vaccine	production	systems	in	general.	

The	 observed	 VP	 size	 changes	 based	 on	 different	 buffer	 compositions	 and	 concentrations	 needs	

further	 investigation.	 The	 size	 changes	 observed	 by	 DCS	 disc	 centrifugation	 could	 be	 verified	 by	

conventional	 AUC	 or	 other	 PSD	 measurement	 methods,	 e.g.,	 nanoparticle	 tracking	 analysis	 and	

tunable	 resistive	 pulse	 sensing.	 If	 the	 presence	 of	 VP	 size	 changes	 could	 be	 confirmed,	 new	

analytical	tools	would	be	needed	to	investigate	their	effect	on	VP-based	systems.	

In	summary,	the	work	on	the	aggregation	behavior	of	influenza	A	VP	provides	a	stable	foundation	

for	 future	PSD-based	VP	research.	Due	 to	 the	 increased	work	on	VP-based	 therapeutics,	 this	 field	

will	very	likely	receive	greater	interest	in	the	future.	
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6.2 Virus particle purification and vaccine formulation using 
magnetic sulfated cellulose particles 
The	MSCP	purification	method	was	successfully	applied	for	 influenza	A	VP	and	is	currently	tested	

with	 other	 VP,	 e.g.,	 MVA,	 yellow	 fever,	 and	 adeno-associated	 VP.	 Depending	 on	 the	 results	 with	

other	 VP,	 the	 MSCP	 could	 be	 used	 in	 a	 wide	 range	 of	 (high-throughput)	 applications	 for		

VP	purification	and	vaccine	formulation.	

Furthermore,	 the	 outlined	 MSCP	 vaccine	 system	 can	 be	 further	 optimized	 in	 different	 ways.			

The	 cellulose	 backbone	 of	 the	MSCP	 could	 be	 potentially	 degraded	by	 co-injection	 of	 a	 cellulose-

digesting	enzyme	mixture,	which	was	shown	previously	for	dextran	microparticles	[59].	However,	a	

more	elegant	approach	would	be	to	circumvent	the	MSCP	injection	at	all	by	topical	application	on	

the	 skin.	 One	 possibility	 for	 this	 could	 be	 nonablative	 fractional	 laser	 (NAFL)	 pretreated	 skin	 or	

intradermal	 or	 transdermal	 applications	 employing	 a	 topical	 application	 followed	 by	 antigen	

transfer	by	microneedles	through	the	skin	barrier	[136–138].	

In	summary,	the	work	on	the	MSCP	is	an	interesting	starting	point	for	future	investigations	in	need	

of	 (small	 scale)	 VP	 purification.	 The	 easy	 usability	 and	 scalability	 makes	 the	 MSCP	 useful	 for	

research	and	development	as	well	as	for	veterinary	vaccine	applications.	
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8 APPENDICES 

8.1 Materials and equipment 
Table	7	Chemicals	used	in	this	work	

Chemical	 Information	

Ammonium	chloride	 ≥99.5%,	09718-250G,	Sigma-Aldrich	Co.	LLC.	

Calcium	chloride	dehydrate	 ≥99.0%,	C5080-500G,	Sigma-Aldrich	Co.	LLC.	

Chlorosulfonic	acid	 99%,	571024,	Sigma-Aldrich	Co.	LLC.	

Hydrogen	chloride	 37%,	100317,	Merck	KGaA	

Lithium	chloride	 ≥99.0%,	62476-100G-F,	Sigma-Aldrich	Co.	LLC.	

Magnesium	chloride	hexahydrate	 ≥99.0%,	M2670-500G,	Sigma-Aldrich	Co.	LLC.	

Potassium	chloride	 ≥99.0%,	P9333-500G,	Sigma-Aldrich	Co.	LLC.	

Pyridine	 ≥99.9%,	494410,	Sigma-Aldrich	Co.	LLC.	

Sodium	azide	 ≥99.0%,	71290,	Sigma-Aldrich	Co.	LLC.	

Sodium	bromide	 ≥99.5%,	71329-250G,	Sigma-Aldrich	Co.	LLC.	

Sodium	chloride	 ≥99.5%,	S7653-250G,	Sigma-Aldrich	Co.	LLC.	

Sodium	nitrate	 ≥99.0%,	S8170-250G,	Sigma-Aldrich	Co.	LLC.	

Sodium	phosphate	dibasic		 ≥99.0%,	S7907-500G,	Sigma-Aldrich	Co.	LLC.	

Sodium	phosphate	monobasic	 ≥99.0%,	S8282-500G,	Sigma-Aldrich	Co.	LLC.	

Sucrose	(saccharose)	 ≥99.0%,	1.07654.1000,	Merck	KGaA	

Sulfuric	acid	 95-97%	,1.00731.1011,	Merck	KGaA	
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Chemical	 Information	

Tris	base	 ≥99.9%,	T6791-500G,	Sigma-Aldrich	Co.	LLC.	

β-propiolactone	 ≥98.5%,	33672.01,	Serva	Electrophoresis	GmbH	

	

Table	8	Particle	standards	used	in	this	work	

Size	 Information	

1020	nm	 PMMA-F-L2712,	PMMA,	10	%	w/v,	SD	=	0.040	µm,	microParticles	GmbH	

105	nm	 PMMA-R-KM215,	PMMA,	5	%	w/v,	SD	=	0.004	µm,	microParticles	GmbH		

196	nm	 PMMA-F-KM255,	PMMA,	5	%	w/v,	SD	=	0.004	µm,	microParticles	GmbH	

239	nm	
PVC,	 0.3	 –	 0.5	 %	 w/v	 in	 H2O	 without	 detergent,	 LOT-QuantumDesign	

GmbH	

286	nm	 PMMA-FKM256,	PMMA,	5	%	w/v,	SD	=	0.007	µm,	microParticles	GmbH	

50	nm	 Lot.	No.	11056C,	PMMA,	1%	w/v,	Phosphorex	Inc.,			

652	nm	 PMMA-F-L1055-2,	PMMA,	5	%	w/v,	SD	=	0.018	µm,	microParticles	GmbH	

807	nm	 PMMA-R-L1057-2,	PMMA,	5	%	w/v,	SD	=	0.019	µm,	microParticles	GmbH	

	

Table	9	Magnetic	particles	used	in	this	work	

Type	 Information	

Magnetic	macroporous	bead	cellulose	particles	 MG	200,	100	-	250	µm,	Iontosorb	

Magne™	protein	A	particles	 20%	w/v,	G8781,	Promega	Corp.	

	

Table	10	Molecular	biology,	cell	culture	and	immunization	experiments	equipment	used	in	

this	work	

Type	 Information	

⌀	0,45	x	12	mm	needle	 466	5457,	B.	Braun	Melsungen	AG	

1	mL	syringe		 9161406V,	B.	Braun	Melsungen	AG	

3,3′,5,5′-tetramethylbenzidine	liquid	substrate	 T5569,	Sigma-Aldrich	Co.	LLC.	

96-well	ELISA	plates	 MaxiSorp,	Thermo	Fisher	Scientific	Inc.	
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Type	 Information	

Adherent	MDCK	cells	 ECACC	84121903	

Anti-A/PR	serum		 03/242,	NIBSC	

Anti-mouse	 IgG	 (whole	 molecule)-peroxidase	

antibody		
A3415,	Sigma-Aldrich	Co.	LLC.	

CpG	adjuvant	 19404498,	Eurofins	Genomics	GmbH	

dNTP	set	 R0182,	Thermo	Fisher	Scientific	Inc.	

EpiSerf	media	 10732022,	Thermo	Fisher	Scientific	Inc.	

Fetal	calf	serum	 F7524,	Sigma-Aldrich	Co.	LLC.	

GMEM-BHK21	media	 22100-093,	Thermo	Fisher	Scientific	Inc.	

Influenza	A/PR/8/34	 3138,	Robert	Koch	Institute	

Isoflurane	 N01AB06,	Baxter	AG	

Lab-FMV-peptone	 MC033,	Lab	M	Ltd.	

Mice	 C57Bl/6,	Harlan	Laboratories	

Monoclonal	 anti-influenza	 virus	 type	 A	

hemagglutinin	antibody	C102	
3IH4,	HyTest	Ltd.	

Oligo	(dT)12-18	primer	 18418-012,	Thermo	Fisher	Scientific	Inc.	

Polyinosinic:polycytidylic	acid	adjuvant	 High	molecular	weight,	tlrl-pic,	Invivogen	

Random	Primer	 48190-011,	Thermo	Fisher	Scientific	Inc.	

RNAlater	RNA	Stabilization	Reagent	 76106,	Qiagen	GmbH	

RNase-free	DNase	 79254,	Qiagen	GmbH	

RNeasy	Mini	Kit	 74106,	Qiagen	GmbH	

SMIF8	PGd	media	 M008-2b,	Service	Zellkultur	Scharfenberg	

SuperScript	II	Reverse	Transcriptase	 18064-071,	Thermo	Fisher	Scientific	Inc.	

Trypsin	 27250-018,	Thermo	Fisher	Scientific	Inc.	

Xylazin	 Ceva	Tiergesundheit	GmbH	
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Table	11	General	equipment	used	in	this	work	

Device	 Information	

0.1	µm	filter	 SLVV033RS,	Merck	KGaA	

0.2	µm	bottle	top	filter	 514-0340,	VWR	Int.	

0.45	µm	depth	filter	
CMMP9408YY,	 GE	 Water	 &	 Process	

Technologies	

0.65	µm	depth	filter	 CFAP9608YY,	GE	Water	&	Process	Technologies	

14	kDa	MWCO	dialysis	tube	 0653.1,	cellulose,	Carl	Roth	GmbH	&	Co.	KG	

5	µm	depth	filter	 CFAP0508YY,	GE	Water	&	Process	Technologies	

750	 kDa	 MWCO	 Sartocon	 Slice	 200	 Hydrosart	

tangential	flow	filtration	cassette	
Prototype,	Sartorius-Stedim	Biotech	GmbH	

Äkta	Explorer	100	 GE	Healthcare	Bio-Sciences	AB	

ÄKTAcrossflow	tangential	flow	filtration	system	 GE	Healthcare	Bio-Sciences	AB	

Bioreactor	 CT5-SK,	5L,	Sartorius-Stedim	Biotech	GmbH	

CPS	DC24000	UHR	disc	centrifuge	 CPS	Instruments	Inc.	

Gradient	injection	needles	 BN2015,	 20ga	 needles,	 38	 mm	 needle	 length,	

CPS	Instruments	Inc.	

Gradient	injection	syringes	 8300013982,	 2	mL	 (3mL)	 NORM-JECT	 syringe,	

Henke-Sass,	Wolf	GmbH	

High	speed	centrifuge	 Optima	TM	LE-80K,	Beckman	Coulter	Inc.	

Kimtech	Science	Precision	Wipes	
05511	7552,	4.4	x	8.4	 in./po	(11	x	21	cm),	280	

pieces	per	box,	Kimberly-Clark	Professional	

LightCycler	 480	 SYBR	 Green	 I	 Master	 reaction	

mix	
Roche	Diagnostics	GmbH	

LightCycler	480	system	 Roche	Diagnostics	GmbH	

Milli-Q	 Advantage	 A10	 water	 purification	

system	
Merck	KGaA	

NanoDrop	ND-1000	spectrophotometer	 Thermo	Fisher	Scientific	Inc.	

Roller	bottles	
680160,	850	cm2,	Greiner	Bio	One	International	

GmbH	

Sample	injection	syringe	 1725	RNR,	250µL,	Hamilton	Company	
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Device	 Information	

Sulfated	cellulose	membrane	adsorber	
Prototype,	 3	 mL,	 Sartorius-Stedim	 Biotech	

GmbH	

Tabletop	Centrifuge	 Avanti	J-20XP,	Beckman	Coulter	Inc.	

Thermocycler	 Peqlab	Biotechnologie	GmbH	

UltiMate	 3000	 RSLCnano	 splitless	 LC	 system	

coupled	 online	 to	 a	 LTQ-Orbitrap	 Elite	 hybrid	

MS	

Thermo	Fisher	Scientific	Inc.	

Water	purification	system	 LCPAK0001,	Merck	KGaA	

Zetasizer	Nano	ZS	 Malvern	Instruments	Ltd.	

8.2 Standard operating procedures used in this work 
List	 of	 the	 standard	operating	procedures	 (SOP)	used	 in	 this	work	of	 the	bioprocess	 engineering	

group	from	the	Max	Planck	Institute	for	Dynamics	of	Complex	Technical	Systems,	Magdeburg.	

Table	12	Standard	operating	procedures	used	in	this	work	

Title	 Version	(Date)	

Hemagglutination	Assay	 2.3	(26.02.2016)	

Inactivation	with	ß-Propiolactone	 1.6	(21.03.2016)	

Measurement	of	influenza	virus	particle	size	distributions	with	

the	CPS	Disc	Centrifuge	DC24000	
2.0	(02.11.2016)	

Single-Radial-Immunodiffusion	 (SRID)-Assay	 Influenza	A	virus	

(strain	A/Puerto	Rico/8/1934	H1N1)	
(24.02.2016)	
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8.3 Standard operating procedure for influenza virus particles size 
distribution measurements with the CPS Disc Centrifuge 
DC24000 
Author:	 Michael	M.	Pieler	

Version:	 Version	2.0	(02.11.2016)	

8.3.1 Introduction 
PSD	of	influenza	VP	are	of	great	interest	in	influenza	vaccines	bioprocess	development.	Because	of	

that,	a	standard	operating	procedure	(SOP)	was	established	for	measuring	influenza	VP	by	DCS	with	

the	CPS	disc	centrifuge	DC24000.	The	method	is	based	on	previous	work	on	adeno-associated	and	

influenza	VP	with	several	modifications	[111,112].	The	information	obtained	from	VP	PSD	can	help	

to	optimize	different	processes	where	VP	aggregates	are	a	problem.	

8.3.2 Information material 
This	SOP	covers	information	for	the	PSD	measurement	method	of	VP.	It	is	highly	recommended	to	

go	 through	 the	 following	 information	material	 to	 obtain	 a	 deeper	 understanding	 of	 the	 CPS	 disc	

centrifuge	system:	

1. “Introduction	 to	 Differential	 Sedimentation”	 (Ian	 Laidlaw	 and	 Marc	 Steinmetz,	

“LSD_AUC_Chapter	14.PDF”)	[109]	

2. “CPS	 Disc	 Centrifuge	 Operating	 Manual”	 (“manual10-2004.pdf”	 in	 English	 or	 “CPS-

Handbuch	deutsch	2009.pdf”	in	German)	

3. “Determination	 of	 particle	 size	 distribution	 with	 assistance	 of	 the	 CPS	 DC24000	 disc	

centrifuge”	(“SOP_Disc_Centrifuge.doc”	from	CPS	Instruments	Inc.)	

The	information	material,	Excel,	and	Matlab	files	are	enclosed	to	the	SOP	in	the	folder	“SOP	Data”	or	

the	ZIP-file	“SOP_Data.zip”.	

8.3.3 Materials 

8.3.3.1 Equipment 
The	equipment	is	outlined	in	Table	13.	
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Table	13	DCS	disc	centrifuge	SOP	equipment	

Name	 Info	 Ordering	info	

CPS	Disc	Centrifuge	DC24000	 -	 CPS	Instruments	Inc.	

2x	sample	injection	syringe	 250	 µL,	 gas	 tight,	 for	 sample	

and	standard	particle	injection	

1725	 RNR	 250µL,	 Hamilton	

Company	

9x	 2	 mL	 gradient	 injection	

syringes	

reusable,	for	gradient	injection	 2	 mL	 (3mL)	 NORM-JECT	

syringe	 Ref.	 8300013982,	

Henke-Sass,	Wolf	GmbH	

9x	gradient	injection	needles	 for	 2	 mL	 syringes,	 preferable	

no	 sharp	 needle,	 must	 be	

smaller	than	38	mm	

20ga	 needles	 #BN2015,	 CPS	

Instruments	Inc.	

Timer	 suitable	 for	 a	 10	 min	

countdown	

-	

Kimtech	 Science	 Precision	

Wipes	

tissue	for	cleaning	 05511	 7552,	 4.4	 x	 8.4	 in./po	

(11	 x	 21	 cm),	 280	 pieces	 per	

box,	 Kimberly-Clark	

Professional	

Note:	All	used	needles	must	be	equal	or	smaller	than	38	mm	in	order	to	avoid	scratching	the	surface	

of	the	centrifuge	disc.	Preferable,	needles	with	a	length	of	38	mm	should	be	used!	

8.3.3.2 Chemicals 
Chemicals	 needed	 for	 the	 disc	 centrifuge	 measurements	 are	 listed	 below	 with	 their	 ordering	

information.	

Table	14	DCS	disc	centrifuge	SOP	chemicals	

Name	 Info	 Ordering	info	

Sucrose	(saccharose)	 for	 density	 gradient	

ultracentrifugation	

Merck	KGaA,	1.07654.1000	

8.3.3.3 Gradient buffers 
The	used	GB	depend	on	the	sample	which	 is	going	to	be	measured.	Typically,	 it	 is	best	 to	use	the	

same	buffer	the	VP	are	suspended	in.	This	can	be	problematic	for	VP	samples	in	cell	culture	broth,	

as	there	is	usually	no	cell	culture	supernatant	available	without	VP.	Therefore,	a	buffer	as	close	as	

possible	is	needed	and	should	be	used,	e.g.,	fresh	cell	culture	media	or	a	buffer	which	resembles	the	

environment	of	the	samples.	However,	PBS	or	dialysis	puffer	consisting	of	50	mM	Tris-HCl	150	mM	

NaCl	pH	7.4	are	usually	sufficient.	 	
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Low	density	GB:	

The	GB	for	the	default	measurement	setup	are:	

1. 16	%	w/v	sucrose	in	corresponding	buffer	

2. 4	%	w/v	sucrose	in	corresponding	buffer	

Note:	Prepare	all	sucrose-containing	buffers	used	for	the	GB	new.	Do	not	store	them	for	future	use.	

The	GB	contains	a	lot	of	sucrose	and	is	therefore	a	good	media	for	microbial	growth.	

Example:	4	g	or	16	g	of	sucrose	dissolved	in	100	mL	PBS.	

Note:	If	you	dissolve	a	certain	amount	of	sucrose	in	100	mL	or	fill	up	to	a	certain	amount	of	sucrose	

to	 100	 mL	 is	 not	 crucial.	 However,	 you	 should	 stick	 to	 one	 way	 of	 preparing	 the	 GB	 to	 enable	

comparability	 between	 different	 measurements.	 For	 ease	 of	 application	 and	 comparability	

dissolving	 the	sucrose	 in	a	defined	premeasured	volume	 is	encouraged,	 i.e.,	weigh	 in	sucrose	and	

mix	with	a	defined	volume	of	buffer.	

High	density	GB:	

High	density	GB	are	only	needed	for	the	VP	density	determination.	

1. 20	%	w/v	sucrose	in	corresponding	buffer	

2. 8	%	w/v	sucrose	in	corresponding	buffer	

8.3.3.4 Standard particles 
The	 standard	 particles	 are	 used	 to	 examine	 the	 gradient	 quality	 after	 injection,	 for	 in-run	

calibration,	and	for	gradient	or	particle	density	measurements.	

Table	15	DCS	disc	centrifuge	SOP	standard	particles	

Size	in	nm	

Density	 in	 g	 mL-1	

(material)	

Solid	 content	 in	

weight	%	 Ordering	info	

239	 1.385	(PVC)	 0.3	–	0.5	%	 LOT	 Quantum	 Design	

GmbH,	 Hr.	 Wittmer,	

wittmer@lot-qd.de,	

order	 in	 water	

(without	detergent!)	

105	 1.19	(PMMA)	 5%		 Microparticles	 GmbH,	

PMMA-R-KM215	

Note:	Always	pipette	the	standard	particles	into	a	new	vessel,	e.g.,	new	Eppendorf	tube,	for	routine	

usage	in	order	to	avoid	contamination	of	the	original	vessel.	Even	small	particulate	contaminations	

can	be	detected	by	this	measurement	method	and	can	interfere	with	the	sample	of	interest!	



Chapter 8: Appendices  

Michael Martin Pieler   81 

8.3.4 Methods 

8.3.4.1 Measurement procedure 
Every	measurement	is	based	on	a	defined	procedure	including	all	parameters	for	the	measurement	

and	analysis	with	the	proprietary	CPS	software.	

Table	16	DCS	disc	centrifuge	SOP	standard	procedures	

Name	 Description	

Infl	4-16P	 For	measurements	 in	a	4	 to	16%	sucrose	gradient	 in	1x	PBS	puffer	 for	VP	(check	

and	adapt	VP	density	if	needed!).	

Infl	Dia	Buf	 For	measurements	in	a	4	to	16%	sucrose	gradient	in	dialysis	buffer	for	VP	(check	

and	adapt	VP	density!).	

Infl	3	4-16%	 For	measurements	in	a	4	to	16%	sucrose	gradient	in	1x	PBS	puffer	for	the	239	nm	

particle	standard.	

Infl	4	8-20%	 For	measurements	in	a	8	to	20%	sucrose	gradient	in	1x	PBS	puffer	for	the	239	nm	

particle	standard.	

The	used	standard	parameters	are	outlined	in	the	tables	below.	

Table	17	DCS	disc	centrifuge	SOP	sample	parameters	

Name	 Description	

RPM	 set	to	max,	i.e.,	24	000	RPM,	to	fix	it	when	measuring	VP	densities	

Maximum	diameter	 2.0	microns	=	2	000	nm	

Minimum	diameter	 0.06	 microns	 =	 60	 nm,	 can	 be	 reduced	 if	 needed	 but	 increases	

measurement	time	

Particle	density	 particle	 density	 of	 the	measured	 particle	 species,	 i.e.,	 influenza	 VP	 or	

standard	particles	

Particle	refractive	index	 default	set	to	1.54	

	

Table	18	DCS	disc	centrifuge	SOP	calibration	standard	parameters	

Name	 Description	

Peak	diameter	 0.239	microns	for	the	239	nm	calibration	standard	particle	

Half	height	peak	width	 0.05	microns	

Particle	density	 1.385	g	mL-1	
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Table	19	DCS	disc	centrifuge	SOP	fluid	parameters	

Name	 Description	

Fluid	density	for	PBS	 1.067	g	mL-1	

Fluid	refractive	index	 1.355	

Fluid	viscosity	 1.2	cps	

If	the	VP	density	is	not	known	or	an	exact	value	is	not	needed	for	the	experiment	a	standard	value	

between	1.16	and	1.20	g	cm-3	can	be	selected	for	the	measurement	procedure	[46,110].	

Table	20	DCS	disc	centrifuge	SOP	observed	VP	densities	

Name	 Description	 Density	

A/PRADH	 Produced	in	MDCKADH	in	GMEM	 1.18	g	mL-1	

A/PRSUS	 Produced	in	MDCKSUS2	in	SMIF8	 1.17	g	mL-1	

8.3.4.2 Centrifuge cleaning 
The	 cleanliness	 of	 the	 centrifuge	 is	 a	 prerequisite	 to	 obtain	 reliable	 data.	 This	 is	 especially	

important	for	the	centrifuge	disc	and	the	optical	detector.	

Table	21	DCS	disc	centrifuge	SOP	cleaning	the	centrifuge	

Step	 Description	

1	 Remove	 stains	 from	 the	 outside	 of	 the	 centrifuge	 case	 with	 an	 ultrapure	 water-wetted	

tissue.	

2	 Clean	 the	 injection	 port.	 If	 necessary,	 disassemble	 the	 injection	 port	 from	 the	 door	 by	

unscrewing	 it.	The	centrifuge	door	can	be	removed	after	removal	of	 the	 injection	port	 to	

allow	easier	cleaning	of	the	inside.	

3	 Clean	the	inside	of	the	centrifuge	with	a	ultrapure	water-wetted	tissue	to	remove	residual	

buffer	stains.	

If	sugar	stains	are	hard	to	dissolve	use	warm	ultrapure	water!	

Note:	Great	care	must	be	taken	during	cleaning	the	disc	to	not	scratch	its	surface.	Scratches	on	the	

disc	 surface	 will	 impair	 the	 measurement	 quality	 up	 to	 making	 the	 disc	 centrifuge	 unusable!	

Therefore,	 the	 disc	 should	 be	 only	 touched	 with	 gloves	 and	 special	 wipes,	 i.e.,	 Kimtech	 Science	

Precision	Wipes!	
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Table	22	DCS	disc	centrifuge	SOP	cleaning	the	centrifuge	disc	

Step	 Description	

1	 Put	on	gloves	and	wear	them	during	the	whole	procedure	to	avoid	getting	fat	stains	from	

your	 hands	 on	 the	 centrifuge	 disc	 surface.	 Fat	 stains	 can	 lead	 to	 baseline	 instability	 and	

therefore	invalid	measurements!	

2	 Insert	the	sucking	tool	 inside	the	injection	hole	of	the	white	lid	of	the	centrifuge	disc	and	

suck	out	the	solution	from	the	measurement.	If	no	measurement	was	carried	out	this	step	

is	not	applicable	and	you	can	proceed	to	step	3.	

3	 Remove	the	white	lid	with	the	removal	tool	by	screwing	it	in	the	lid	and	lift	it	up.	

4	 Dry	 the	 inside	of	 the	 centrifuge	disc	with	 a	dry	 tissue.	Use	 two	 tissues	 folded	 together	 a	

couple	of	times	to	touch	the	whole	space	inside	the	disc	for	best	results.	If	no	measurement	

was	carried	out	this	step	is	not	applicable	and	you	can	proceed	to	step	5.	

5	 Use	ultrapure	water	in	a	spray	bottle	to	spray	water	into	the	centrifuge	disc	while	turning	

it	by	hand	with	gloves	so	that	the	water	can	reach	every	part	inside	the	disc.	

6	 Remove	the	liquid	with	the	sucking	tool.	

7	 Dry	 the	 inside	of	 the	 centrifuge	disc	with	 a	dry	 tissue.	Use	 two	 tissues	 folded	 together	 a	

couple	of	times	for	best	results.	

8	 Use	an	with	ultrapure	water-wetted	tissue	to	clean	the	disc	outside.	 If	necessary,	wet	the	

tissue	with	more	ultrapure	water	or	use	a	new	tissue.	

9	 Repeat	steps	5	-	8	three	times.	

10	 Use	a	dry	tissue	to	remove	residual	water	from	the	washing	steps	from	the	in-	and	outside	

of	the	centrifuge	disc.	

11	 Wet	a	folded	tissue	with	>99%	ethanol	and	clean	the	in-	and	outside	of	the	centrifuge	disc	

to	remove	fat	stains.	

12	 Clean	also	 the	white	 lid	with	a	water-wetted	 tissue,	 then	 let	 it	 try	before	cleaning	 it	with	

>99%	ethanol-wetted	tissue.	

13	 Let	the	centrifuge	disc	and	the	white	lid	dry	for	at	least	10	min.	If	you	plan	to	immediately	

carry	 out	 another	measurement,	 check	 if	 the	 residual	 ethanol	 is	 fully	 evaporated.	 If	 not,	

wait	until	the	residual	ethanol	is	fully	evaporated!	Residual	alcohol	can	change	the	PSD	of	

the	VP	and	therefore	leads	to	unreliable	measurement	data!	

14	 When	the	white	 lid	and	the	centrifuge	disc	are	clean	and	dry	insert	the	white	 lid	 into	the	

centrifuge	disc	and	close	the	door.	
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8.3.4.3 Gradient preparation 
The	gradient	consists	of	nine	layers	with	different	sucrose	concentrations	ranging	from	high	to	low	

sucrose	 concentrations	 present	 in	 the	 two	 GB.	 The	 two	 GB	 are	mixed	 in	 a	 2	mL	 syringe	 for	 the	

preparation	of	each	gradient	 layer.	After	that,	each	prepared	gradient	 layer	is	 injected	one	by	one	

into	the	stable	running	centrifuge	disc.	The	ratios	of	buffer	A	and	B	are	shown	in	the	table	below.	

Table	23	DCS	disc	centrifuge	SOP	gradient	layer	composition	

Layer	 Buffer	A	in	mL	 Buffer	B	in	mL	

1	 1.6	 0.0	

2	 1.4	 0.2	

3	 1.2	 0.4	

4	 1.0	 0.6	

5	 0.8	 0.8	

6	 0.6	 1.0	

7	 0.4	 1.2	

8	 0.2	 1.4	

9	 0.0	 1.6	

	

Table	24	DCS	disc	centrifuge	SOP	gradient	layer	preparation	

Step	 Description	

1	 Load	2	mL	syringe	with	the	volume	of	the	higher	density	buffer	A	according	to	Table	23.	

2	 Load	 the	 same	2	mL	 syringe	with	 the	volume	of	 the	 lower	density	buffer	B	 according	 to	

Table	23.	

3	 Mix	 the	 gradient	 in	 the	 syringe	 until	 no	 concentration	 differences	 are	 visible	

(“concentration	 smears”).	 The	 air	 should	 be	 removed	 from	 the	 syringe	 to	 obtain	

reproducible	GB	volumes.	However,	small	bubbles	do	not	disturb	the	measurements.	

4	 Repeat	step	1	to	3	for	every	gradient	layer	for	the	nine	gradient	steps.	

8.3.4.4 Standard preparation 
The	standard	particles	are	diluted	in	the	respective	sample	buffer	before	they	are	injected	into	the	

gradient.	The	dilution	depends	on	 the	GB	system	used.	Usually,	20	µL	of	 the	original	1:1	239	nm	

standard	 solution	 diluted	 in	 130	 µL,	 i.e.,	 a	 1:5	 dilution,	 proved	 to	 be	 useful.	 Nevertheless,	 the	

dilution	ratio	can	be	adapted	if	not	compatible	with	the	used	buffer.	However,	the	standard	particle	
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volume	should	be	minimized	as	much	as	possible.	Additionally,	it	is	highly	recommended	to	have	at	

least	150	µL	of	the	prepared	diluted	standard	particle	solution	to	have	enough	for	the	aspiration	of	

100	µL	into	the	injection	syringe.	

Note:	 Dilution	 of	 the	 standard	 particles	 in	 the	 buffers	 should	 be	 carried	 out	 immediately	 before	

injection	 to	 avoid	 aggregation	 and	 therefore	 an	 invalid	 calibration.	 If	 aggregation	 tendencies	 are	

unknown	for	a	specific	buffer	they	have	to	be	evaluated	before	carrying	out	measurements.	

8.3.4.5 Virus particle measurements 
The	 VP	 sample	 measurement	 is	 outlined	 in	 the	 table	 below.	 To	 obtain	 analyzable	 signals	 the	

influenza	 VP	 sample	 should	 have	 a	 concentration	 of	 at	 least	 1	 000	HAU	 100	 µL-1.	 However,	 this	

threshold	value	can	vary	depending	on	the	VP	sample.	If	the	VP	sample	shows	low	absorption	the	

contribution	of	the	baseline	drift	is	higher	and	the	data	has	to	be	interpreted	with	caution.	

Table	25	DCS	disc	centrifuge	SOP	sample	measurement	

Step	 Description	

1	 Check	if	the	centrifuge	disc	is	clean	and	the	white	lid	is	inserted	properly.	The	circle	on	the	

white	 lid	should	be	at	 the	same	position	of	 the	circle	on	 the	centrifuge	disc	 to	avoid	disc	

imbalances!	

2	 Close	the	centrifuge	door.	

3	 Select	the	measurement	procedure	for	the	desired	VP	sample.	

4	 Start	the	centrifuge	and	wait	until	the	desired	RPM	are	reached	and	are	stable,	i.e.,	24	000	

RPM.	

5	 Inject	gradient	layer	1	to	9.	One	gradient	layer	injection	should	take	approximately	1	to	2	s.	

6	 Start	the	10	min	countdown	for	gradient	equilibration.	

7	 After	 1	min	 (9	min	 of	 the	 countdown	 left)	 inject	 100	µL	 of	 the	 diluted	 particle	 standard	

solution	 to	 assess	 gradient	 quality.	 Abort	 analysis	 after	 the	 standard	 particle	 peak	 was	

visible	 to	 return	 to	 the	 normal	 “Operate	 Analyzer”	 window.	 If	 the	 obtained	 peak	 is	

symmetric	 and	 narrow	 proceed	 with	 step	 8,	 if	 peak	 is	 asymmetric	 proceed	 to	 step	 13.	

Sometimes	 the	GB	drifts	 after	 the	 standard	peak	 are	 visible	 and	 the	 software	 rejects	 the	

calibration.	This	can	be	ignored,	because	the	calibration	is	carried	out	in	step	10.	Here	we	

just	want	to	observe	the	gradient	quality	by	observing	the	standard	peak	form.	

8	 Wait	until	 the	 full	10	min	are	over	and	prepare	 in	 the	meantime	everything	 for	 the	next	

injection	of	the	diluted	particle	standard	solution	and	the	sample.	

9	 Shortly	 before	 the	 10	 min	 countdown	 is	 over,	 exit	 the	 “Operate	 Analyzer”	 window	 and	

reopen	it	again	for	getting	the	exact	present	RPM	for	the	measurement.	The	RPM	value	gets	

updated	by	closing	and	reopening	the	“Operate	Analyzer”	window.	
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Step	 Description	

10	 After	 the	 10	min	 countdown,	 inject	 100	 µL	 of	 the	 diluted	 particle	 standard	 solution	 and	

terminate	the	calibration	after	1	min.	We	terminate	the	calibration	because	the	calibration	

time	depends	on	the	procedure	and	buffer	parameters	and	can	vary	from	1	min.	

11	 Inject	100	µL	of	the	prepared	sample.	

12	 Wait	until	data	acquisition	is	completed.	

13	 Stop	the	centrifuge.	

14	 Clean	the	centrifuge	according	to	the	“Centrifuge	cleaning”	section.	

8.3.4.6 Gradient density measurements 
To	 obtain	 accurate	 PSD	 the	 gradient	 density	 (and	 the	 VP	 particle	 density)	 has	 to	 be	 measured.	

Therefore,	measurements	with	a	standard	particle	mix	with	different	but	known	sizes	and	densities	

(or	with	 a	 VP	 sample	 spiked	with	 both	 standard	 particles	 if	 the	 virus	 particle	 density	 has	 to	 be	

determined	subsequently)	is	carried	out	in	the	GB	of	interest	[110].	

For	 that,	 the	 GB	 or	 the	 VP	 sample	 is	 spiked	 with	 the	 105	 nm	 and	 239	 nm	 standard	 particles.		

The	standard	particle	mix	 is	 then	measured	like	a	conventional	sample.	The	dilution	should	be	as	

high	as	possible	without	compromising	 the	peak	 in	 the	size	distribution.	 In	general,	a	1:8	 to	1:16	

dilution	proved	to	be	sufficient.	A	typical	sedimentation	time	distribution	is	shown	in	Figure	9	with	

the	indicated	sedimentation	times	of	both	standards,	i.e.,	tStd105nm	and	tStd239nm.	

The	zoom	tool	in	the	CPS	software	can	be	used	to	obtain	the	retention	time	maxima	(vague	but	for	

most	 applications	 sufficient)	 or	 the	 data	 can	 be	 exported	 as	 CSV	 and	 analyzed	 in	 Excel	 (more	

accurate,	see	“Excel”	section	for	details).	

Then,	 the	 gradient	 density	 can	 be	 determined	 from	 the	 measured	 sedimentation	 times	 of	 the	

standard	particles	by	linear	regression	as	outlined	in	Formula	3-5	in	section	3.6.4	[110].	

The	 Excel	 document	 “Gradient_Density_Calculator_v2.xlsx”	 can	 be	 used	 to	 calculate	 the	 gradient	

buffer	density.	Finally,	the	determined	gradient	density	can	be	pasted	into	the	used	measurement	

procedure	of	the	CPS	software.	

8.3.4.7 Virus particle density measurements 
The	VP	 sample	 is	 spiked	with	 the	 105	 and	 239	nm	 standard	 particles	 to	 derive	 the	VP	 densities	

[110].	The	spiked	VP	sample	 is	measured	 in	a	4	 to	16%	and	8	 to	20%	sucrose	gradient.	With	the	

determined	sedimentation	times	of	the	standard	particles	the	gradient	density	can	be	derived	(see	

previous	 section).	Based	on	 that	 and	 the	 sedimentation	 times	of	 the	VP	 in	both	 gradients	 the	VP	

density	can	be	calculated.	
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The	 VP	 density	 can	 be	 determined	 from	 the	 measured	 sedimentation	 times	 of	 the	 VP	 in	 the		

4	to	16%	and	the	8	to	20%	sucrose	gradient	and	the	determined	gradient	densities	(see	previous	

section)	by	linear	regression	outlined	in	Formula	6-8	in	section	3.6.5	[110].	

The	 file	 “Density_Measurement_Example_R1_2xStd_B_105+239nm_Std.xlsx”	can	be	used	as	a	basis	

to	calculate	VP	densities.	The	reported	error	of	the	VP	density	measurement	method	is	<	4	%	[110].	

8.3.5 Validation 
The	 validation	 data	 of	 the	 method	 can	 be	 found	 in	 the	 file	 “CPS_Vali_AR_v1.8_Final_1x-

Measurement.xls”	 for	 single	 measurements	 and	 in	 “CPS_Vali_AR_v1.8_Final_3x-Measurement.xls”	

for	triplicate	measurements.	If	the	system	you	are	measuring	is	stable	and	you	are	familiar	with	the	

equipment	and	the	method,	the	single	measurement	is	sufficient.	

8.3.6 Data analysis 

8.3.6.1 Introduction 
The	PSD	 can	be	visualized	 in	 several	ways	with	 the	CPS	 software.	The	 following	 two	options	 are	

encouraged:	

1. Absorbance	PSD	

2. Weight	PSD	

The	absorbance	data	helps	to	see	small	changes	in	the	higher	particle	size	ranges	and	is	therefore	

interesting	 for	 the	detection	of	 small	 changes	 in	 the	 aggregation	 status.	Nevertheless,	 the	default	

option	is	to	display	the	weight	data	(which	is	derived	from	the	absorbance	data).	

The	reason	that	the	absorbance	data	representation	shows	higher	sensitivity	to	 larger	particles	 is	

due	 to	 the	 fact	 that	 the	 absorbance	 increases	 with	 the	 particle	 size	 (see	 literature	 listed	 in	 the	

“Information	material”	section	for	a	more	detailed	discussion	on	this	topic).	

Note:	 It	 is	 highly	 discouraged	 to	 compare	 absolute	 weight	 values.	 Especially,	 at	 low	 measured	

particle	concentrations	baseline	 instabilities	can	have	a	significant	 impact	on	 the	PSD.	Because	of	

that,	the	visualization	of	normalized	size	distributions	is	encouraged.	

8.3.6.2 Excel 
The	 measurement	 data	 can	 be	 also	 analyzed	 and	 visualized	 in	 Excel	 after	 the	 data	 has	 been	

exported	into	a	CSV	file	via	the	CPS	software.	

Plot	the	PSD	data	according	to	file	„PStest.xlsx“:	

• The	first	column	for	weight,	surface,	number	and	absorbance	is	graphed	using	column	A	for	

the	x-values	and	a	linear	x-axis	scale.	

• The	second	column	for	weight,	surface,	number	and	absorbance	is	graphed	using	column	A	

for	the	x-values	and	a	log	x-axis	scale.	
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• The	third	column	for	weight,	surface,	number	and	absorbance	is	graphed	using	column	A	

for	the	x-values	and	either	a	log	or	linear	x-axis	scale.	

8.3.6.3 Matlab 
For	obtaining	high	quality	figures	you	can	visualize	the	PSD	data	in	Matlab.	Therefore,	you	can	use	

the	“CPS10.m”	code	file	to	load	the	PSD	data	into	Matlab	and	to	obtain	an	automatic	overview	of	the	

measured	 samples.	 To	 run	 the	 code,	 navigate	 to	 the	 folder	 containing	 the	 file	 “CPS10.m”	 with	

“csv2cell.m”	(subprogram	for	“CPS10.m”)	and	type	“CPS10”	to	start	the	program.	(Navigation	over	

the	Matlab	command	line	can	be	done	with	the	“cd”	command	to	change	the	working	directory,	i.e.,	

“cd	 \\afs\urz.uni-magdeburg.de\adsprof\abastian\Documents\CentrifDisc\Matlab”.)	 Then,	 select	

at	least	two	data	files	in	the	dialog	window	for	the	data	import	and	visualization.	

To	 obtain	 optimized	 relative	 weight	 over	 log	 size	 plots	 you	 can	 run	 afterwards	

“Plot_LogWt_60_240nm.m”	for	showing	the	PSD	from	60	to	240	nm,	“Plot_LogWt_60_640nm.m”	for	

60	to	640	nm,	or	“Plot_LogWt_60_1040nm.m”	for	60	to	1040	nm.	The	resulting	figures	can	be	used	

as	a	basis	for	publication	grade	figures.	

To	import	other	files	after	an	import,	type	“clear,clc”	to	clear	the	workspace	and	screen.	Then	start	

again	with	“CPS10”	for	another	import.	

If	 you	 want	 to	 generate	 sedimentation	 time	 plots	 you	 can	 use	 “CPS_Time_v2.m”	 and	

“Plot_LogWt_Time_v1.m”.	

8.3.7 Points to consider 
• If	you	want	to	carry	out	overview	measurements,	you	can	use	the	gradient	for	up	to	three	

consecutive	measurements	without	 stopping	 the	 centrifuge	 and	 cleaning	 it.	 However,	 be	

aware	 that	 the	 obtained	 PSD	 will	 slightly	 vary	 from	 the	 one	 obtained	 by	 the	 validated	

method	outlined	in	this	document.	

• If	the	VP	density	is	not	known	and	just	one	peak	is	visible	it	can	be	tricky	to	determine	if	

the	peak	is	of	monomeric	or	dimeric	nature.	

• The	 buffer	 of	 the	 VP	 sample	 should	 have	 a	 lower	 density	 then	 the	 lightest	 layer	 of	 the	

gradient.	Otherwise,	streaming	could	be	a	problem	and	the	obtained	data	is	invalid.	
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8.4 Validation data of the virus particles size distribution 
measurement method with the CPS Disc Centrifuge DC24000 
The	validation	of	the	PSD	measurement	method	for	VP	was	carried	out	with	PMMA	particles	in	the	

size	 range	 of	 approximately	 50	 to	 1000	 nm.	 The	 PMMA	 particles	 had	 a	 similar	 density	 with		

1.19	kg	m-3	compared	to	the	VP.	Due	to	the	nature	of	the	measurement	system	the	variance	at	the	

lower	and	the	upper	limit	were	inhomogeneous.	Therefore,	a	weighted	regression	was	used,	which	

is	shown	in	Figure	32.	The	validation	results	for	the	single	and	triplicate	measurements	are	shown	

in	Table	27.	

Table	26	Measurement	data	lower	and	upper	detection	limit	

Measurement	 Lower	limit	 Upper	limit	

nominal	value	 50.00	 1020.00	

1	 46.67	 1029.60	

2	 46.62	 1009.63	

3	 47.01	 1010.73	

4	 46.64	 1020.60	

5	 46.61	 1033.30	

6	 46.71	 1031.99	

7	 46.67	 1012.55	

8	 46.65	 1015.98	

9	 46.95	 1027.40	

10	 46.95	 1023.95	

Average	 46.75	 1021.57	

Standard	deviation	 0.16	 8.97	

Variance	 0.02	 80.44	
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Figure	32	Weighted	linear	regression	for	single	measurements	

	

Table	27	Validation	results	for	single	measurement	

Measurement	setup	 single	 triplicate	

Residual	standard	deviation	in	nm	 0.52	 0.42	

Sensitivity	in	nm/nm	 1.0001	 0.9976	

Process	standard	deviation	in	nm	 0.52	 0.42	

Relative	process	standard	deviation	in	%	 0.99	 0.80	

Coefficient	of	determination	(R2)	 0.9997	 0.9999	

Limit	of	detection	in	nm	 1.70	 1.37	

Limit	of	quantitation	in	nm	 5.16	 4.17	

Lower	confidence	interval	in	nm	 0.83	 0.67	

Upper	confidence	interval	in	nm	 35.02	 26.20	
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8.5 Publications 
The	 dissertation	 includes	 content	 that	 has	 already	 been	 published	 in	 or	 is	 submitted	 to	

international	 peer-reviewed	 scientific	 journals.	 Subsequently,	 the	 published	 and	 submitted	

publications	 are	 listed	 in	 detail,	 including	 the	 specific	 contribution	 of	 the	 author	 of	 this	 doctoral	

thesis.	First	authorship	is	indicated	with	“*”.	
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M.	W.	Wolff,	U.	Reichl,	Analytical	Chemistry	87.21	(2015):	10708-10711	[24]	

Contributions:	Michael	 M.	 Pieler	 and	 Anja	 Serve	 (Max	 Planck	 Institute	 for	 Dynamics	 of	 Complex	

Technical	 Systems,	 Bioprocess	 Engineering	 Group,	 Magdeburg,	 Germany)	 contributed	 equally	 to	

this	 work.	 The	 implementation	 of	 the	 MSCP	 production	 method,	 the	 MSCP	 production,	 the	

implementation	of	the	MSCP	purification	methods,	and	the	MSCP	purifications	were	carried	out	by	

MMP.	The	influenza	VP	production	(see	section	3.3.3),	the	VP	purification	using	centrifugation	(see	

section	3.4.5),	and	the	LC-MS/MS	experiments	(see	section	3.6.6)	were	carried	out	by	AS.	MMP	and	

AS	carried	out	the	experimental	plan	setup,	the	data	analysis,	and	writing	the	manuscript.	

	

“A	 cell-culture	 derived	 whole	 virus	 influenza	 A	 vaccine	 based	 on	 magnetic	 sulfated	 cellulose	

particles	 confers	 protection	 in	 mice	 against	 lethal	 influenza	 A	 virus	 infection”,	 M.	 M.	 Pieler*,		

S.	Frentzel*,	D.	Bruder,	M.	W.	Wolff,	U.	Reichl,	Vaccine	34.50	(2016):	6367–6374	[119]	

Contributions:	Michael	M.	Pieler	(Max	Planck	Institute	for	Dynamics	of	Complex	Technical	Systems,	

Bioprocess	 Engineering	 Group,	 Magdeburg,	 Germany)	 and	 Sarah	 Frentzel	 (Institute	 of	 Medical	

Microbiology	and	Hospital	Hygiene,	 Infection	 Immunology	Group,	University	Hospital	of	 the	Otto-

von-Guericke	 University	 Magdeburg,	 Germany)	 contributed	 equally	 to	 this	 work.		

The	implementation	of	the	MSCP	production	method,	the	MSCP	production,	the	implementation	of	

the	 MSCP	 experimental	 methods,	 the	 preparation	 of	 the	 VP	 samples,	 the	 preparation	 of	 the	

vaccines,	and	the	implementation	of	the	ELISA	method	were	carried	out	by	MMP	at	the	Max	Planck	

Institute	for	Dynamics	of	Complex	Technical	Systems,	Magdeburg.	The	immunization	and	challenge	

experiments	(see	sections	3.5,	3.6.7,	and	3.6.9)	as	well	as	the	statistical	data	evaluation	(see	section	

3.6.10.2)	 were	 carried	 out	 by	 SF	 at	 the	 Institute	 of	 Medical	 Microbiology	 and	 Hospital	 Hygiene,	

Infection	Immunology	Group,	University	Hospital	of	 the	Otto-von-Guericke	University	Magdeburg,	

Germany.	MMP	and	SF	carried	out	the	experimental	plan	setup,	the	data	analysis,	and	writing	the	

manuscript.	

	 	



Investigation of influenza virus particle aggregation and purification with magnetic sulfated cellulose 
particles 

92  Michael Martin Pieler 

“Specific	 ion	 effects	 on	 the	 particle	 size	 distributions	 of	 cell	 culture-derived	 influenza	 A	 virus	
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