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Kurzzusammenfassung

Moderne biopharmazeutische ProzessechlieRen eine umfassende Strategie zur
Virusabreicherung einum die Gefahr von Viruskontaminationen von Arzneimitteln zu
verringern und damit die Sicherheit von Patienten zu gewahrleistetnen der Testung von
Ausgangsmaterleen und der finalen Arznei, ist es fur Herstellprozesse basierend auf
Saugetierzelllinien von Behoérdenseite erforderlich, dass mindesterss mnthogonale
Prozessschritte fur die Inaktivierung oder Abreicherung von endogenen bzw. zufélligen Viren
implemertiert sind. Uber die letzten drei Dellan hinweg hat sich die auf GroRenausschluss
basierende Virusfiltration unter Verwendung von porésen Membranen im EaatBetrieb

als Industriestandard etabliert.

Membranen zur Virusfiltration bestehen aus komplexardsenSrukturen, die in der Lage
sind kleine Virenwie das Parvovirus mit einem Durchmesser vor248m, mindestens zu
99.99% abzureichern. Gleichzeitig isine Transmission von typischen Produktspezies, zu
denen monoklonale Antikérper vom IgG/p geh6ren und Durchmesser von-12 nm
aufweisen, von mehr als 9 erforderlichAus diesen dhnlichen GréolRenordnungesultiert

eine besonderanspruchsvolle Trennaufgabe, dieseMembranen zu erfillen haben.

Neben dem obligatorischen Virusrickhalteverraigsind aus applikativer Sicht die Wasser
bzw. Pufferpermeabilitdt sowie die Robustheit gegentber Verblockung die entscheidenden
Eigenschaften von Membranen zur Virusfiltratidwis materialwissenschaftlicher Perspektive
sind diese Eigenschaften eng mirdPorengréf3enverteilung in der trennaktiven Schicht, dem
PorengréfRengradienten entlang der Membrandicke sowden Charakteristika der
Membranoberflache verbunden.

Im Allgemeinen beschatftigt sich die vorliegende Arbeit mit der Methodenentwicklung sowie
der Anwendunglieser Methoderezur Charakterisierung struktureller Membraneigenschaften
wie der PorengroRenverteilung und dem Porengroéf3engradienbasweiteren wurde eine
Auswahl kommerzieller sowie nickbmmerzieller Membranen zur Virusfiltration hinsilth
Virusrickhalt sowieRobustheit gegeniber Verblockungntersucht. Die so ermittelten
applikativen Membraneigenschaftenanden in der vorliegenden Arbaits Verhéltnis zuwen
strukturellen Eigenschafterder Membranen gesetzt Hieraus werdenmechanistsche
Konzepte zur Wirkungsweiseon Membranen zur Virusfiltratiomnsbesondere bezuglich

Verblockung und Virusrickhaltuageleitet und diskutiert.
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1 Introduction

1 Introduction

Modern biopharmaceutical processes implement comprehengiwes clearance strategi¢s
minimizethe threat of viral contamination of drugs and ensure patient safBgsides testing

of sourcematerials and the finally formulated drugmanufacturingprocessesbased on
mammalian cell lineare required byhe regulatoryagencies to include at lettsvo dedicated
orthogonal unit operations for the inactivation or remowafl endogenous or adventitious
viruses[1]. Throughout the lasthree decades, ige exclusion based virus filtration using
porous membranesn deadend mode has becoman industry standard known for its
reliabilityand robustnesso clear viruseswvhile not affecting product quality and allowing high
product recovery2¢4].

Virus filtration membranesFMs) have comjex porous structuresapableof retaining small
viruses such as parvoviruses having -28nm in diameter [1] by at least 99.9%
corresponding to a log reduction value (LRV>=4. At the same time typical product
moleculedike monomeric IgGtype monoclonalantibodies having diameters 08-12 nm [5],
needto be transmitted bymore than 95%.Exhbiting pore sizes (nominally 20m)within the
same magnitudef both product and contaminant species renders the separation task that
VFMs fulfil intensely sophisticated-or comparisomther sizebased unit operations utilizing
membranes such as micrfiltration, separate species differing byat leastone order of
magnitudein hydrodynamic diameter

Thishigh demand for selectivityendersthe developmentand manufacturingof VFMs a
challenging taskBesides the obligatory virus retention performantlee main application
relevant performance characteristics of a VFM are the water/buffer permeability and the
fouling robustness. From a material scientific perspective, these application characteristics are
closely linkedo the pore size distribution (P$I the separatioractive layer (SAL)he pore

size gradient (PSG) along thrembrane thickness and theharacteristics of thenembrane
surface.

In general, the present thesfecuses ommethod developmentnd applicatiorof analytical
technigues capable of determining structural membrane properties such as the PSD and PSG.
Further, commercial and nowommercial VFMs are characterized by their virugemgon

performanceand fouling robustness using representative virusdels and feedstreams.
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Particular attention is paid on relatingembrane properties and application performarsce

Thereby, mechanisticatonceptsfor the mode of operatiorare derived and discussed.

In paper 1(cf. ection 3.1) a technique utilizinghe filtration of gold nanoparticle§GNPsjor
the determination of PSOsr a set of commercial angbn-commerciaMFMsis presentedand
discussed Further, theseresults on thePSDsare related towards the virus retention
performance of the VFMs investigated.

Paper 2(cf. ®ction 32) focuseson PSGs, also determined by using GNPs, of a very similar set
of VFMs. The foulinmmechanism of a model antibody containing fesdeam is inestigated
and the fouling robustness of the VFMs using this antiiedgiated to their PSGs.

Paper 3(cf. section 3.B provides acomprehensive Design of Experiment (Db&sed
investigation on the virus retentiomechanismss a function of membraneharacteristicas
well assolution and process condition&urthermore, filtration results are supportebly
biophysical baracterizationof the virus and norvirus containingeed streams with respect

to particle size distributions.
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1.1 Current scientifickknowledge

1.1.1 Threat of virus contaminations and statef-the-art virus clearance in

biopharmaceutical industry
Biopharmaceutical drugs derived fromammalian cell culturege.g. recombinant proteis)
monoclonal antibodies) or human plasma (e.g. coagulation fators, intravenous
immunoglobulin (IVIG)suffer from a potential ri« of virus contaminatiorn1,2,6] Such
contaminationscan originatefrom contaminated master cell bankendogenous viru)r be
introducedby contaminated sour materials (adventitious virug)]. Although few events of
virus contaminations were reported in the last decadmsd detected in timeprior to
administering these drugs to patients,8], these incidents had far reaching consequences for
the implicated pharmaceutical companies and their patienfsvo repated contamination
eventswith Vesivirus 211@t Genzymén 2008 and 2009 led to shortages of the two key drugs
Cerezyme and Fabrazyme caused @gnt shutdowns and extensive decontamination
processeq7,9,10] Patients were affected by rationing of these drugs, which in case of
Cerezyme, the only drug aNable for treatment of Gaucher disease, had an impact on patient
treatment. Consequences were of disastrous extent for Genzyme. Besides loss of patient
confidence, economic damagen into hundreds of millions of dollars und put the company
under close gpervision by the regulatory agencigg].
To mitigate risks of virus contaminatiomisat might lead to far reaching consequences
guidelines by the health authoriti¢s,2,11]require comprehensive viral clearance strategies.
These strategiesonsist of testing of the nster cell bank®r blood and plasma donorsaw
materials, unprocessed and processed bulk material for presence of virlrsesldition
downstream processes are required to incorporate at least tiedicated orthogonal unit
operations for the removal ofiruses and/or inactivation of viral infectivitfhe capabilities
of each virus removal/inactivation unit operatioreed to bedemonstratedduring process
development stage prior to manufacturingror this purposedown-scale virus clearance
studies are onducted using theindividual process intermediaseunder process related
conditionstogether withrepresentativeviruses According to FDA guideline IGQ3A, viruses
Godd & Khdsdri 18 regedble viruses which may contaminate the product and to
represent a wide range of physiechemical properties in order to test the ability of the system
G2 StAYAYIlI (S @ATNaeioR dirusesypicalBsél&cied for clearance studies
include large, enveloped viruses swshnurine leukemiavirus (MuLV, 8@.10nm, retrovirug

3
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as accepted model for endogenous virusaésd small, norenveloped viruses such as
parvouruses(18-24 nm)[1] as worst case for inactivation and filtration trialinit operations
applied forvirus clearancean be divided intéechniques based on inactivation and removal.
These unit operations differ with respect to thafficacyand robustness towards different
types of virusesVirus inactivationapproachesby solvenfdetergent, low pH and high
temperature treatmentsuffer from limited efficacy against neanveloped viruse$2,12].
Virus removal techniques based on interacti@ush as iorexchange chromatography lack
robustness with respect to process conditions and efficacy can be highly dependent on the
individualvirus speciesnd its surface characteristi¢®,12]. However, size exclusion based
virus removal using WFs is known as an effective and robust unit operation for virus
clearanceThis results fronits capability of removing all virusesdependent of their surface
characteristics and includinghallenging smaNirusesof high resistance towards physico
chemical treatment[2,12]. Most recently, new VFBbecamecommerciallyavailable for
application in upstream processing in order to prevent entry of viruses into the bioreactor by

contaminatedcell culturemedia [13].

1.1.2 History and application o¥irus filtration membranes

From technological perspectivpplymericVFMs with complex networks of interconnected
poresemergedin the late 1980s/early 199Gsom significantlyolder, already existing types of
membranes such as dialygigtrafiltration and microfiltrationmembraneq14,15]

In 1989, data was publishegroving the capabilityfor substantial size exclusion based
retention of LRV>=6 forhuman immunodeficiency vir(80-130 nm[2]) by porous, polymeric
membranesresulting in no detectable infectivity in the filtrateghile exhibitingsignificant
transmission ofalbumin Iy Rglobulin [14]. The same yearthese cellulosic hollow fiber
membraneswere commercialized by Asahi Chemical Ind. Co, atdompany with focus on
dialysis membranesjzy RS NJ & KS (i NI RoswrlisNiltration 6f lphangceusdcal
blood and plasma product§l4]. Related to dialysis membranes, such membranes are
characterizedoy a spongelike pore structureshowinga rather shallow PS@&onsisting of a
multitude (100-200) of retentive pore layers the SAIFig. 1 left) [14,16]
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SALH

SALC

Asahi Planova™ 20N Millipore Viresolve®/70

Fig. 1.Scanning electron microscopy images of cissgions ofearly VFMsAsahi Planova
20N(left) and Millipore Viresolve®0 (middle and right) adapted frorfi5,17]

A very different approach was taken by Millipore Corp. in 1992, developing VFMs derived from
ultrafiltration membranes (UFMs) under the Vires@vérademarl15]. Pore structures are
spongelike and exhibit steep PSGs with a thin, dkie SAL (Fig. 1, middle and rigls)ecal
considerations have been takéy Millipore Corpto reduce the presence abnormally large
pores (defects)in the SAL which were attributed to be responsible to low retention
LIS NJF 2 NIV | y O S UFM&[15]aAlsé, lidhoter ftoé improve fouling robustness, these
membranes made gbolyvinylidene fluoridgPVDIrincorporated asurfacemodification As
unique feature, thismembranewas developed for tangential flow filtration (TFF) for which

the membrane was oriented with the Shdcingupstream towards the feefFig. 2, right)
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dead-end filtration tangential flow filtration

© 1 O ® O
® o Py ® ..
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SAL—= m__s;\_c_z w28, = B P - =

Fig. 2. Schematic illustration of deadd (left) and tangential flow filtration (right)Blue
arrowsindicate the flow direction.

Today, VFMare developed and manufactured by Asahi Kasai Medical, Méiltikore, Pall

and SartoriusStedim Biotectand made from polyethersulfone (PEBY,DFand regenerated
cellulose (RA)y phase inversion processé®r purpose of fouling robustness, PES and PVDF
VFMs are typically surface modified by proprietary techniques.

VFMsare often classified by the virus sizetype of virus they have to retaiiarly VFMs were
developed to retain large viruses5®9nm suchas retroviruses (8@10nm), where the
demand for selectivity was moderately hi§tB]. With further improvements of selectivity,
small virus retentive membrandsecame available, capable ddtaining all viruses 318 nm

like parvoviruses (284 nm) as worsicase mode[4]. While providing hig selectivity, VFMs
associated to the first generation of small virus retentive membranes, developed before the
early 2000s, were reported to lack retention robustnessl occasionally result in significant
parvovirus breakthroughgl8,19] Retention robustnessias significantly improved for the
recent second gegration. Often, small virus retentive membrangsominallybeing rated as

20 nm filters,are denoted as parvovirus retentixé-Ms

Furthermore, some of the early VFM&re intended for use in TFF mod&ngleuse VFMs
operated in deaeend mode have becomiadustry standard de to advantages such as ease
of use, ease of validation and econom(Esy. 2, left]20]. For reasons of fouling robustness,

all VFMs have a more or less distinct PSG. In case of VFMs used@éndeadde, membranes

are oriented with the SAL away from the feed. In such orientation the porous structure before

the SAL can act as psidter protecting the SAL from foulin@rig. 2, left]21].
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In a downstream process virus filtratiantypically locate@lose toend of the procesbefore
the final concentration and buffer exchange (UF/DF), where the process intermediate is

already of high purity and fouling minimized(Fig.3) [22].

< intermediate < polishing >
< capture > purification > HIC
—_ ] lowpH L - — UF/DF = fill & finish —P»
Protein A inactivation CEX CEX
AEX AEX
virus virus virus virus
filtration filtration filtration filtration

product —
concentration
purity

Fig. 3. Conventionalsequence of unit operations in downstream antibody production
includingtypical positions for the virus filtration unit operati@dapted from[22].

1.1.3 Significance and characterization of thérus filtration membranestructure

Porous membranes with complexddnensionalstructures of interconnecté pores can be
characterized with respect to theimaterial properties such as structure and surface
properties as well as by theapplication performanceuch agpermeability,virus retention

and fouling robustnesg~ig. 4)

material properties application performance

membrane surface virus
structure properties retention

pore size
distribution

pore size

gradient fouling

robustness permeability

Fig. 4.Overview over most relevant membrane properties and application performance
characteristics.
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Today it is well accepted that size exclusion is the pynsgparation mechanism of VFMs,
although interactions are discussed in literature to be potalhticontributing[4]. Therefore,
this thesis focuses on the development and applicatioteochniquesspecifically applicable
for determination of structural properties of VFMSpecial focus is paid on the determination
of pore sizewith respect to the PSD within the SALvadl as the PS@long the membrane
thickness, also in literature refesd to as membrane symmetryMore general and
comprehensivditerature addressing membrane characterization includsoigface properties

can be found elsewheri@3¢26].

Pore size distribution

Sizeexclusionhas proven tdacilitate the necessary high selectivity for separation of viruses
and biopharmaceutical product moleculeand is therefore considered to be mainly
dependent on thePP in the SALof the membrand4]. Such ehighselectivity is achieved by

a narrow and defined PSD, which can typically be well described bynadogl distribution
function[27,28] In comparison to other membranes used in downstream processing such as
UFMs, VFMs are assumed to have a very narrow[P$HB0] Also in contrast tdJFMs the
SALof a VM usually consists of a multitudef pore layers which reduces the risk of few
abnormally large pores causing severe loss in virus retention perfornja¢l,32] While

the first generation of parvovirus W has suffered from low robustness regarding virus
retention [32], occasionally exhibiting severe parvovirus breakthrough, the latest second
generation of VMs has provemignificantly increased retention robustngd9].

A major challenge tdink membrane structure properties of very different MB to their
performance propertiesis the lack of material independent techniques to characterize
membrane pores in the size range 666nm. Deepeiknowledge of structural properties of
VRMIs couldprovidethe basis for developing a better mechanistic understanding of haths
retention and foulingoehaviour

Wellestablished displacement techniquées determination of PSDs within the Skte gas
liquid displacement porometry (GLDP) as well as mercury porosimetry gudfarsevere
limitations. Required pressures fphasedisplacementre too high(>>10 bar)for polymeric
20nm rated VFMs antypicallylead to compaction and alteratiaof the pore structureduring

the measuremen{33].
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Liquidliquid displacement porometry (LLDR)more recent displacement techniqugilizes
the lower interfacial tension between twhquids compared ta typical interfacial tension
between a gas and a liquighase, resulting in loweapplied pressures required for

displacementAn illustration of the LLDP procedure is given in Fig. 5.

O O Oy

ieto N VTN N SIENTINTN SIENTINTNN
wetting liquid -1

T, e " e " e "uwaws T e

Cantor eq.
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pore
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Y
Q@ . =
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= pore size 8 minimum maximum

o 1 - pore size pore size
= minimum Par
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o)
@®
®)

AP 5 d
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Fig. 5.Schematic illustration of the LLPRocedure (top), plot of typical measurement data

(bottom left) and resulting pore size distribution (bottom righf)he Cantoequationwas

dziAf AT SR (G2 (NI yaft !l S PiftKeéSpord Nadmgtaoy,Sby osMg thieS LINE 3
interfacial tension .

Due to the lower pressures applied, LLE#3 beendemonstrated to beapplicableto VFMs
[27,34] Thetwo studies showed a correlatidmetween LLDP results and virus retention for

homologous VMs, differing only in pore size. However, by applying the same procedure to

9



1 Introduction

different VIMs with respect to material, surfachemistry and?SGGiglia et al[27] observed
deviations from the previously obtained correlation witgardto virus retention. Although
being applicable to \WFs in general, the strength of LLDP is to determine PSDs of homologous
membranesonly differing with respect to the PSD within the SA&tomparativeLLDP studies

of VAMs made from different materials, with different pore size gradients and surface
properties are challenging for various reas@ds]. Typical Z2ohase systems utilized for LLDP
consist of water/alcoho]36] or water/polyethylene glycol/ammonium sulfa{@7] mixtures.
Alcohol containing systems can cause iicgmt swelling of PES membranes leading to
erroneous resultg[38] or even structural damaging of the membraf@9] while other
materials like PVDF exhibit only negligible swelling with the same alc@®solyethylene
glycol is known to strongly interact with PE8], measured pore sizes might not be accurate
and might be dpendent on contact time of the membrane with the polyrmezh phase. In
addition to the variation of membrane base materials M#&Fusually are surface modified
exhibiting different surface chemistries, depending on the manufacturer and the specific
modification methods usedl]. This leads to additional interactions between the membranes
and the 2phase systems, making interpretations of results for a variety bfsvifficult. LLDP

can also suffer from low reproducibility for identifying the maximum pore size, caused by
measuring flow rates significantly above the base line flow rate already aspres much
below the expected bubbkpoint of the individual membrang86]. This is especially relevant

as the maximum pore size, in contrast to the mean and minimum pore size, was found to be
the most predictive result from LLDP towards virus reten{id4]. In a previous study, the
correlation between maximum pore size determined by LLDP and virus retention using
Pseudomonas aeruginobacteriophage PP7 as model virus for a variety of commercMsVF

was found to be quite lovas depicted in Fig. @2 =0.33) [35].

10
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Fig. 6. Correlation of maximum pore diameter determined by LLDP with virus retention
reproduced from[35].

Although scanning electron microscopy (SEMuiccessfully applied for the determination of
pore sizes in the range of MB, quantitative applicatios are mostly limited to tracktched
membranes or other membranes, having the separatative pores visible on the outermost
membrane surfacg36]. The SALof VAMs is often located deeper within the membrane
structure, necessitating the preparation of cresections, which on the other hand can cause
artefacts(e.g. by compaction or smearing). In addition, the measurement of pore sizes by
image analysis of-@imensional pictures is challenging, adgFhave complex pore networks.

A different approach is based aetention of solutes of known size in course filfration
experiments to gain insights into PSDs. Typical solutes can be, Ir@ached orcircular
polymers (e.g. dextran[41¢43], polyethylene glycol/polyethylene oxideg43¢45],
deoxyribonucleic acigDNA)[46]) or rigid spherical particles (e.g. inorganic nanoparticles
made from noble metalpt7¢49]). While the application of linear polymemich as dextrans

to determine PSDs has become a standard techniquefius results obtained for s are

more difficult to interpret, as the results are strongly dependent B8Gsaand membrane
orientation, which the authors contributed to internal concentration polarizatigii].
Susanto et al. also observed and discussed adsorption of dextrans on PES membranes, leading
to membrane fouling, i.e. flux decline and changedention [50]. It has been further
demonstrated that circular plasmid DNA with 3%® in hydrodynamic diameter can

penetrate pores of 1@m in size due to stretching of the molecule, an effettich is also
11
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amplified by higher transmembrane pressures, leading to further increased DNA transmission
[46]. This effect could also occur to linear polymers that form sphericalikeistructures in
solution, leading to inaccurate determination of the largest pore, which is most relevant for
virus retention[43]® ¢ KS at 5! ¢SOKYARNHzZ G@BSLENXGbD2@WE EmlI
virus filtration, states dextran retention not to correlate with virus/phage retentj2qy.

Rigid spherical particles on the other ltdmave proven to be highly applicable for examination

of virus retentive properties of \WFs. Helling et al. investigated temtion properties of
microfiltration membrans and VMa ¢AGK | aSd 2F LI NLAOfSa S
moduli ranging from 4.2MPa for bacteria up to 310MPa for bacteriophage PP7 and
polystyrene latex beadfl]. They found that for soft particles like bacteria retention can
decline with higher transmembrane pressure caused by defoonaand squeezing through

of the particlesRetention of particles having a significantly higher stiffigsacteriophage

PP7 ad latex beads was observed to be constantly high within the investigated pressure range
up to 10bar. Deformation and squegry through ofGNPswith even significantly higher
2dzy3Qa Y 2GRdA2duri@gTiltrationsi using WAs is therefore unlikely. Besides
their stiffness, GNPs are commercially available in a wide range of sizes from hatowb

to several hundreds afanometers The spherical shape, low size dispersity and high optical
absorption in the visible spectrum of GNPs are Yawurableattributes for soluteretention
experiments. Depletion of GNPs in a solution in course of filtration experiments canilbe eas
measured up to a LRV of 3 using a standaréd/i$\épectrophotometer. Thus GNPs have been
applied in the development of the first commercialW&made of R@nd used as virus model

for filtration experimentg16,48,53] In biopharmaceutical manufacturing GNPs are used for
physical posuse integrity testing of WAs, as the retention of GNPs correlates with virus
retention [20,54] For integrity testing, however, the retention performance for a single
particle size, usually 2@m for parvovirus retentive \Nfs, is determined, which gives only
limited insights into the actual PSD of the membrane. Arkhangelsky et al. reported the use of
GNPs and silver nanoparticles in separate filtration experiments using different sized particles
with various membranes made from cellulose acetate (CA), PES, PVDFRppolgt=a (PC) or
ceramicq43,47] The authors were able to determine PSDs only of some of the membranes
tested by using GNPs. They observed limitations of this technique to gain information on the
pore structure of membranes made of PES andv@dch was caused by high affinity of the

particles towards the specific membrane materials and was related to higher membrane

12
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hydrophobicity. Adsorption of metal nanoparticles, increasing the observed retention
efficiency of polymeric membranes and therefyperimposing the sizexclusion properties,

has also been observed by other grouf@®,55,56] One way to overcome unwanted
adsorption of GNPs is the surface functionalaaiwf GNPs using protective ligands. Although
some ligands have proven to significantly reduce adsorption of GNPs on certain membrane
materials, their efficiency to suppress adsorption is highly specific towards the individual
membrane material and therefe not universally applicab[d9]. Another way to reduce GNP
adsorption was reported by Wei and Liu forettseparation of GNPs by size exclusion
chromatography, where adsorption of GNPs to the stationary phase has been a[bis&i8}

By addition of an anionic surfactant, namely sodium dodecyl sulfate (SDS), to the mobile phase
adsorption was significantly redudeThe authors explained this observation by an interaction
between the stationary phase material (polystyrediwinylbenzene) and SDS. The presence

of SDSvas claimed to havao significant influence on the particle size. Furthermore apost
use integritytesting procedure for Mis made from hydrophilized synthetic polymers has
been patented using metal nanoparticles in complex solvents comprising of an anionic
polymer together with at least one nainic surfactant and/or a watesoluble polymer
containinga pyrrolidone group in order to reduce interfering adsorption of the nanopatrticles
[59].

Pore size gradient

In contrast to UFMs which have thinSALs of single digit microns thickness and support
structures having pore sizes that are magnitudes larger compared to the ones within the SALSs,
VHAVIs can have thick SALs with up top88 thickness, consisting of a multitude of pore layers
contributing to the high selectivity]17,60,61] While UMs have very steep PSGs,
commercially available WFs exhibit a wide range of PSGs fromlIl€ steep to very shallow

(cf. Figl). Some early MWAs on the market were derived from W exhibiting snilar
membrane structures. For s and UHike VIMs operated inTFAmode with the SAL facing
towards the feed, the support structure acts mainly as mechanical support for the thin SAL
and does not contribute to the fouling resistan@#. Fig2, right) Some studies using these
early commercial, Ukke structured VHMSs, intended for application imFAnode, investigated

the impact of membrane orientation on foulifgehaviour[21,62,63] The authors of these

studies found significantly increased performance with respect to fouling resistance when the
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membranes were oriented with the SAL facing away from the feed. In such orienttien

mode of operation, either deadnd or TFE had noimpact onfouling robustnessThe
performance increase was attributed to the porous membrane support structure, acting as a
depth prefilter (cf. Fig2, left). ThispreF At G NI} G A2y STFSOG LINRGSOGa 0
levels of submicrosized p&Ji A (B2].INawadays all commeally available M#s are used

in the orientation with the SAL facirayvay from the feed. Those WIS are also designed for
deadend use.

The effectivity of the support structure acting as afiteer is highly dependent on the actual

PSG. Commercial MB havingan UFlike steep PSG offer high water permeability. Their thin
SAL is the main contributor to the overall hydraulic resistance of the membrane. Due to the
steep PS(only a small section of the membrane in close proximity to the SAL has pore sizes
in the range ofgGprotein aggregates, which are probably&nm [64], resulting in low depth
pre-filter capacities and higher susceptibility towards fouliAgcumulation of foulants being
retained by size exclusion closely to the SAL of microfiltration membranes having?S&p

was visualized bysing confocal scaring laser microscop}p5,66] VAVIs with shallow PSGs

have typically lower water permeability as a larger part of the membrane structure
contributes to the hydraulic resistance. This can incrgaeeessing times which negatively
impacts the productivity of such WE. Apart from that such membraneare known tooften

show higher robustness against fouljnghichmight be attributedto the fact, that a larger

part of the membrane structure is capi@bof retaining the fouling species. Tragiched
membranes typically have cylindrical pores and therefore no PSG. Such membranes are very
rarely used in biopharmaceutical processes due to their high susceptibility towards fouling
with aggregate containingrotein feed streams. An overview of commerciaMgrncluding a

very qualitative classification regarding their P8GsY SY 6 NI vy S LI2wdSgiveéndy Y S (i NE
Miesegaes et alTablel) [4].
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Tablel. Marketed VFM¢as of 2013jeproduced from4].

Filter Vendor

Filter Brand

Virus Target
Class®

Mode”

Membrane Pore
Symmetry

Layers

Membrane Chemistry

Millipore

Sartorius Stedim

Biotech
Pall

Asahi Kasei

Viresolve NFR

Viresolve NFP

Viresolve 70

Viresolve 180
Viresolve Pro

Virosart CPV

Ultipor VF grade DV50
Ultipor VF grade DV20
Pegasus grade LV6

Pegasus grade SV4

Planova 35N

Planova 20N

Planova 15N

Planova BioEX

Retro

Parvo

Parvo

Retro

Parvo

Parvo

Retro

Parvo

Retro

Parvo

Retro

Parvo

Parvo

Parvo

DFF

DFF

TFF

DFF

DFF

DFF

DFF

DFF

DFF

DFE/TFF*

DFF/TFF

DFF/TFF

DFF/TFF

Asymmetric

Asymmetric

Asymmetric
Asymmetric
Asymmetric
Symmetric
Symmetric
Symmetric
Symmetric

Symmetric

Asymmetric

Asymmetric

Asymmetric

Asymmetric

Triple layer

Triple layer

Single layer
Single layer
Double layer
Double layer
Triple layer
Double layer
Double layer

Double layer

Hollow fiber

Hollow fiber

Hollow fiber

Hollow fiber

Hydrophilic
polyethersulfone
(PES)

Hydrophilic
polyvinylidene
fluoride (PVDF)

Hydrophilic PVDF

Hydrophilic PVDF

Hydrophilic PES

Hydrophilic PES

Hydrophilic
acrylate-modified
PVDF

Hydrophilic
acrylate-modified
PVDF

Hydrophilic
acrylate-modified
PVDF

Hydrophilic
acrylate-modified
PVDF

Hydrophilic
cuprammonium
regenerated
cellulose

Hydrophilic
cuprammonium
regenerated
cellulose

Hydrophilic
cuprammonium
regenerated

cellulose
Modified PVDF

“*“Target virus class” can be a subjective concept based on the application and product type (i.e. biotech vs plasma product). Some large virus retentive
filters can retain viruses smaller than retroviruses. Consultation with filter vendors is warranted if clearance of a particular virus is a process requirement.

YDFF, direct flow filtration; TFF, tangential flow filtration.

“Can be configured by end users to run in either mode.

PSGs that exhibit pore sizes reflecting the particle size of foulants could help to utilize a large

extent of the total membrane structure to retain fouling species in order to maximize the

depth prefilter capacity while keeping the hydraulic resistancel@av as possible achieving

highest possible permeability. Determinitige PSG is an especially challenging task wigiv

on applicabilityof methodstowards the high diversity of membrane materials and surface

chemistries that commercial W exhibit[4].

Utilizing high resolution imaging techniques suab scanning or transmission electron

microscopy (SEM/TEM) to investigate membrane ciEsgions already provides good

gualitative impressions of membrane structures and related?QGantitative analysis using

SEM/TEM is significantly more challengj6g] and often limited to determination of pore

sizes on the outermost membrane surfaf@8] rather than within the inner membrane
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structure. Samples of membrane cressctions need to be prepared carefully by freeze
fracturing or microtomy avoiding astacts that alter the pore structure (e.g. by compaction

or smearing). In contrado tracketched membranes with cylindrical pores, ¢ have a

complex spongdike pore structure with highly interconnected pores. Quantitative image
analysis of such structures requires binarization of grayscale images which is a very subjective
procedue with resulting pore sizes highly dependent on the individual opeif&ol For the

evaluation of twedimensional images, also simplifications with respect to the definition of

GKS GSNXY GLR2NB aAl Sé¢ | NB NGgiddrhmethddl t déteknSne S G |
PSGs of 0.@m rated microfiltration membranesmeasuring the distances of the pore voids
dzaAy 3 aSljdARAAGIYO fAYySA LI NIEESE G2 GKS 02
Ft206 RANBOGAZ2Y meyn fréepath lenGhidedictéding Figd@d).

Fig.7. Crosssection of a segment of a microfiltration membrane after processirth&image
analysis algorithnfrom Ziel et aladapted from[69]. Red lines feature the free path lengths
identified by the algorithmThe Bue arrow indicatsthe flow directionin the membrane

While the PSG throughout thehole crosssection was determined quite well, the magnitude
of the mean free path lengths was significantly larger thanpd? even in the SAL. This is
related to the simplified definition of the mean free path length which can be determined
from a sinde two-dimensional image of a membrane cresection. For a proper quantitative
description of the porous structure, additional information on the third dimension is required.
This information can be obtained by more sophisticated techniques suckrascdmputed
tomography[70,71]or serial slicing and imaging of cresections using electron microscopy

in combination with 3D reconstruction of the membrane struct{ir@,73] However, these
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techniques are time consuming and require specialized and expensive equipnatdition
to high computational demands dealing with large amountdafa. In addition, although
spacial resolution of -xay computed tomography improved over the last yeaesolutionis
still too low in order to resolve the structures of VFMs.

Simlar to the determination of PSDs, solutetention experiments can alsgrovide
information on the PS@QJsingmonodispersedfluorescentlylabelled bacteriophaged#t was
observed by confocal scanning laser microscopy that these particles accuautatertain
depth of a VFMFig. 8)74¢76].

Filtration

Fig. 8. Crossection of aVFM after filtration with a feed containing fluorescentipelled
bacteriophage PP7 adapted froji4]. The image was obtained by confocal scanning laser
microscopyand shows accumulated PP7 mostly in a distmembrane section in the lower
half of the membraneThewhite arrow indicates the flow direction in the membrane.

As the pore size narrows towards the filtreg@le of a typical VFMatrticles are efficiently
retained when the pores sizes become similasmaller tharthe siz of the particle. Thereby,
information is gained on the pore size at this depth of the membr8esides investigation of

virus retention mechanisms, using viruses for structural charaagan of membraneshas
severaldisadvantagesViruses have to be handled wiihcreasedprecaution (e.g. biosafety

level facility) For variation of virus sizewhich is a necessity for determining the P&ierent

virus species have to be used. Virus species can also differ wjgkctet their surface
properties, which can result interferingadsorptive retentior{77,78]

Usingrigid and sphericamodel particles 6 non-biological origin such as GNPsas the
advantage that such particles are available in a broad size range having the same or different

surface properties if needed.imited to VFMsnade from RCGNPsof different sizehave
17
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already been usedo qualitatively describe thePSGg16,17,48] Within this studies cross
sections of the VFMs were prepared after filtration with GNPs. Accumulation of GNPs at a
certaindepth of the membranevas observedcausng a local change of membrane colour

and membrane composition, whiahasvisible by light and electromicroscopyRelating the

size of the GNPs retained to their position in the membrane has provided insights into the PSG.
While these studies were conducted with VFMs made from RC, exhibiting no significant GNP
adsorption,adsorptive interactiorcan be a serious issuath other relevant materials such as

PESas already discussddr the detemination of the PSD using GNPs

1.1.4 Virus retention mechanisms

Although it is now well accepted that virus retention is dominated by size exclusiber
factorsthan virus sizersd PSDnight contribute tothe overall level of retentiofd]. In general,
factorsare manifold andcan becategorizedby VFM, feed stream and processelated. A

summary of factors influencing virus retention is given in Tdble |

Table I. Summary of factors potentially influencingus retention.

VFMrelated Feedstreamrelated Procesgelated

PSD virus size mode of filtration (deaeend,
TFF)

PSG virus  surface  ¢harge transmembrane pressure

hydrophobicity, ...) flow rate

membrane orientation virus concentration flow interruptions (number,
duration)

numberof membrane layers pH volume-to-area ratio / total
virus load

surface chemistry dharge ionic strength

hydrophobicity, ...)

surface roughness product size
product surface (charge
hydrophobicity, ...)
additives (surfactants, ...)

To substantiatesize exclusion as main retention mechanigtejnador et al. observed that
virus retention correlates with the maximum pore diameter, which they determined by using
LLDR34]. Furthermore, Giglia et al. predicted LRVs of commercial anecaommercial VFId

for different sized viruses based on LLDP data taking account of the B8DER7]. Godal
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correlation between predicted and measured virus retention was found for convection
dominated flow conditiongluring virus filtration

In contrast to retention mechanisms of soft pathogens such as mycoplasma or common
bacteria using microfiltration menranes, where deformation of the pathogen at high
transmembrane pressure was found to be a cause for pathogen breakthrough, viruses such as
bacteriophage PP7 exhibit a by magnitudes higher stiffness preventing virus breakthrough at
elevated transmembrane pssureg51].

However, it has been shown that virus retention can additionally be influenced by other
mechanisms, which arkeed stream and processelated. Flux decay as a result of fouling,
caused by either produetelated foulants or by the virus spike, was shown to have a very
significant negative impact on the virus retention of the figeineration VFM [32,79] This
observation was explained by selective pore plugging of the small retentives jplengating

the convective flux into larger neretentive pores[79]. Kreil et al. investigated the impact of
antibody-virus interaction on the virus retention of 35 nm V&[0]. The authors observed a
significant virus reduction for a 20m B19V pevovirus by ogio during a prefiltration step
using a 0.Jum rated filter, when virus specific antibodies were present that could aggregate
with the virus. Others observed pH and ionic strength to have an impact on virus retention,
which they attributedto non-specific electrostatic interactions between membrane and virus
as well as between produatolecule and viru§76,81]

Furthermore, it has been first published in 2011 that flow interruptions) @&n reduce virus
retention levels of VFBI[82]. Since then, it has repeatedly been observed that the virus
retention for different types of VFBldecreasedwhen the filtration was resumed after a
temporary F[60,75,83] Depending o the VFMand the experimental conditions applied in
these studies, the virusoncentrations in the filtrate fraction directly after the FI were found

to be 10 to 100€old higher after a temporary Fl. However, in most cases the decreased level
of retention was reversible and recovered for later fractiofig5,76,8486]. From
mechanistical perspectiveis assumed that the decreased level of virus retention results from
Brownian motion of the virus particles during the FI or under lawftonditions[87,88]
Under normal flow conditions, the virus particles are fat¢brough the pore network until
reaching pores small enough to be capable of sizéustan (Fig. 9 A))Virus particles are
constrained to these retentive pores by the convective flow, reducing their mobility based on

diffusive movementFig. 9 B))In contrast, under low or no flow conditions, the constraint of

19



1 Introduction

captured particles to theetentive pores is reduced or lacking completalgsulting in a
diffusive movement that allows previously retained virus particles to cover a certain distance
within the pore network(Fig. 9 C))Due tothe lognormal PSDof the membrane, these virus
particles have a certain chance to reach larger-netentive pores. When the filtration is then
resumed and a typical convective flow reinstated, the majority of virus particles, which again
reached retentive pores, will be constrainedtteese. The smallethsire of virus particles that

had reached nosietentive pores can pass through these further downstream into the VFM
until either being recaptured in a deeper zone or even transmitted through the membrane,

leading to a higher virus concentration in théréte.

A) 1 B) C) ¥

ov ©® -
| & | h \/
| |
Fig. 9.Schematic illustrations of virus particlesa porous medium such as a VFMhatmal
(long blue arrowsand lowno (short blue arrow) flow conditions adapted froj@7]. A) Virus
particles moving under normal flow conditions into a small, retenfpore (left particle) and
through a larger nostetentive pore (right particle). B) Virus particle constrained to a retentive
pore due tohighconvectiveflow. C) Previously retained virus particle from B) can move back

in porous network under low/no flowcondition due to Brownian motion resulting in an
additional chance to reach a naptentive pore.

A diffusionbased mechanism of virus reorganization during a Furiher supported by
observing impacts of solution viscosj8b,88]and the duration of the HB5] as both affect

the distance that can be covered by the virus particles by diffusion. Furthermore, it has been
reported that retention after a FI can be influenced by pH and ionic strength, which was
attributed to electrostatic interactions between virus, membrane and productetule[76].

It is assumed thatttractive electrostatic interactions between the virus and the inner
membrane surface could cause an additional constraivifois particles.

Commercial VFBffrom different brands, even different VFM types from a single brand, have

shown significant difrences in retention performance and robustn¢32,75,84,85]
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1.1.5 Membrane fouling

A broad variety of new drug formats is currently under development by numerous
biopharmaceutical companies, introducing a larger diversity of molecule properties and
impurity profiles[89¢91]. While robust virus retentiorontributes topatient safetyof drugs
fouling robustnesseduces the expenditure of time and money for process development and
improves the economics ofitsunit operationcarried out by a singtase gproach In contrast

to unit operations employing muHise filtration membranessuch as ultrafiltration, improved
fouling robustnessan significantlyeducethe required amounbf membrane area and lower
the costs for consumables.

IgGtype antibodies, amajor class of biopharmaceutical molecules to which thafsthe
commercial monoclonal antibodies belong and which are the main component of9¥)G
exhibit hydrodynamicliameters of 912 nm for aggregate free solutioS]. VFMs, which are
expected to transmit such product molecules b95%, are reported to have only slightly
larger mean pore diameters of 427 nm[27]. Typical product related membrane foulants, e.g.
protein aggregates, often are in the size range of parvoviruses and effectively ®ul th
membrane due to pore blockindgstudies of Barnard et al. using monoclonal antibodies
revealed that trace amounts of protein aggregates (%% of the total mass of protein in
solution) in the size range of 2 nm are sufficient to cause significant flux decay during virus
filtration [64]. Furthermore, Brown et al. determined the size range of dimers up to pentamers
of 1gGtype monoclonal antibodies to be 1B nm with respect to their hydrodynamic
diameter, which is very similar the reported size range for parvovirus@s].
Althoughobviousthat fouling can originate from size exclusion of larger foulaiutsling by
adsorptive mechanisms &sooften discussed for membranes applied for biopharmaceutical
processe$25,94c98]. Boltonetal.F 2 dzy R (G KS F2dzZ Ay 3 afmhadekd 27F L
IlgG variants containing more exposed hydrophobic surfacesN> 6§ KSNJ G KFy 33N
moleculeswhich was further supported by Villaja4,99]

Furthermore, shear stressaused by laminar flow distribution within the postructure is
hypothesized toinduce denaturation/aggregation of proteins contributing to foulifp].
Scientificresults on that matterare very rareand limited to micrdiltration membranes,
indicating a higher relevance of interaction of praoteiwith the membrane surface causing
denaturation/aggregatiofi98]. Even if normembranerelated, simplified model systems (e.g.

stir bar in solution, mixerCouette cell for generating sheer stress are used, results are
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inconclusivebetween the different studiesn whether denatuation/aggregation was caused

by sheer stress and/or interaction with other surfag@80¢105]. In addition, concentration
polarization phenomendeading toa decreased permeability with increased driving &rc
mostly known from UFMswere alsaeported for VFM$21,63,106] Other smaller impurities

like product fragments, host cell proteins and DNA can also cause fouling due to adsorption
to the membrang107].

One strategy to maximize th#aroughput of the virus filtration step is to locate the unit
operation close to the end of the downstream purification process, where the feed typically
has already a high puritffFig. 3)22]. Another strategy involves the specific optimization of
the unit operations upstream of the virus filtration to further reduce impurifi£88].

Adsorptive prefilters exstthat have proven to significantly reduce fouling of VAB#93,94]

Such filterccanremove foulants by eitherydrophobic or electrostatic interaction

CNRBY YSYONIYS YI ydzF teGelopaiéi NIVEMSs laiving high @ilingd S =
robustness involvea twofold strategyFor one part of the strategyhe membrane surface
(including inner and outer surface) has to be rendered inert towards attractive interactions
with feed componentsso that accumulation afertain speciefrom the feedstreamand pore
plugging is reduced. This can be achieafeeadyby selection of low interacting base materials
like RG109] or by means of surface modificatiaf higher interacting base materials such as
PE$96,11(;112]. For further reading, numerous publications can be fodedling with anti
fouling surface modification of membraneR6,113;115] More specifically, surface
modification in context of VFMs was investigated by L. Vil@h For the other part of the
strategy, structurd optimization of theVFMsis involved Therefore special focus is paid on
the PSGutilizing the membrane structure to act as a depth-filer to protect the SAlfrom

foulants(cf. section1.1.3.
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1.2 Summary of gps in current scientific knowledge

Due to the proprietary nature of the manufacturing processes of commercial VFMs, each
membrane type isinique, differing with repect to the PSD, PSG and surface chenjétris

a result,also broad variations with respect to application performance such as virus retention
and fouling robustness have been observg82,75,109,116] Therefore, a deeper
understanding between membrane properties and application performarsgcef high
importance in order to develothe next generation ofobusthigh performance VFMs.

In general,publishedinvestigations focusing on membrane propertiasd/or application
performanceof VFMsare often limited to a smaller set of commercial membraaedseldom
include noncommercial variationsHence holistic insights spanning the wide variety of
properties that commercial VFMs already exhibit are very mexluction of universdtends

from different publicationdgs often notfeasible and/or outcomes natonclusive which can

be a result from very individual experimental conditiob®tween the studiessuch as

compositions of feed strean virus spike

Briefly, the gapsin the current scientific knowledgen VFMs and their applicatiocan be
divided intothe lack of
1 methods for quantitative structural characterizatiorof PSDs and PSGs that are
independent of the membrane surface chemistry and other membrane properties,
1 holistic understanding ofvirus retention mechanismsas function of VFM feed
stream and processelated propertiesand

1 understanding of fouling mechanisms and their relation towards PSGs

As discussed section 1.1.3, a variety of techniques exsi&t.g. porometry/porosimetry, SEM,
soluteretention) that are capable tquantitativelydetermine PSDs of porous membrangs.
far, broad applicabilityof these methodstowards VFMs is limitedby factors that are
depending e.g. on the membrane material/surface chemistry, PSGsamngle preparation,
rendering these techniques not necessatdycorrelate with virus retentionSize exclusien
based GNP retention experimentbeing close toapplication mode of operationare
successfully applied for RC membrarj&$,48,53] which show no significant attractive
interactions, while attractive interactions interfere with PSD determination for other

membrane materials/surface chemistrigd3,47,49,55,56]
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A very similagapexists for thequantitativedetermination of PSGshereexisting techniques
suffer from major drawbackslmage analysis of TEM/SEM imagegrone to generation of
artefacts during sample preparan and alsaequires harsh simplifications with respect to the
definition of the pore sizeoften causingoverestimation of pore sizg67,69] X-ray computed
tomography, having the necessary resolution, is very time consuming, low throughput and
requires expensive equipmefif0,71] Estimations of pore sizes across the thickness of the
membrane by localization of retained particles/solutes of defined areeoften aggravated

by adsorptive retentiorand therefore results are mostly limited to memaimes made of RC
[16,17,48]

Virus retention as most important application performance characteristitivestigated in
numerous studiesfocusing mostly on different feed compositions agiflects of FL With
respect to membran@roperties these studies typically use commercial VFMs without deeper
consideration and characterization of membrane propertiest instance, the root cause for
the lack of virus retention robustness of the first generation of ¥kvpoorly understood.
Also, adsorptive contributions by the VFM towards the retentionder normal flow
conditions and after Flave not been investigated so fatolistic studiesnvestigating a larger
number of parameters ah quantifying their impact by statistical means,eavdetermining
possible interactions between parameters, are rare.

Besides virus retention, fouling robustness is of high importance foeto@omy of the unit
operation.Very little has been published on improvement of fouling robustness of VFMs by
meansof membrane development. Howevat,was pointed out by several studies that the
porous structure of VFMs located between the fdading siteand the SAL acts a depth pre
filter protecting themore sensitive SAL from foulan®2,63] So farno studies investigated
the depth pre-filter structurein more detail, especially with respect the PSGIn addition
studies determining the fouling mechanism adéntifyingthe fouling species diviG found
subsets of more hydrophobic and monomeric IgG antibodies to be the caufseifioig rather
than IgG aggregatef4,99] The study by Villain applied fractionation by hydrophobic
interaction chromatographyHIC)in combination withsize exclusion chromatography (SEC)
[99]. Fractions containing more hydrophobic species exhibited higher extent of fouling but did
not show any higher amounts of aggregates. It was hypothddizat reversibleaggregates
could be disrupted during SEC and therefore not detected propeklymore recent

investigation by Rayfield et al. using dynamic light scattering ([2LS8haracterize feed
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streams for virus filtratiorindicated that DLS might be more predictive towardentifying
fouling feed streams than classical SEC (without inline DLS detector) due to its high sensitivity

towards detection of aggregated species in their native environniehi].
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2 Scope of the research

The present thesis focuses improving the understanding of the mode of operation of VFMs.
As first objective, analytical techniques wedeveloped that are capable of determining
structural membrane propertiesn a quantitative manner, overcoming the drawbacks of
existing techniquessuch as low applicability towards a broad range of membrane
materials/surface chemistrie®ue to the size exclusion based principle of operation, special
focus wagaid on analysis ddtructural membrane properties, especialiyth respect tothe

PSD anthe PSGFor this purpose, a technique based on the retention of different sized GNPs
was adapted from literaturand its applicability extendeatvards other membrane materials
than RCAscommercially available VFMs exhibhighdiversity regardingore structures and
materials/surface chemistriesa broad panel of these membraneswas selected for the
structural investigationsomplemented by additional UFMs and model VFMs.

As second objectivethese membranes were characterized by their virus ratemt
performance using bacteriophage PP7 amell as by theifouling robustnessising IVIGIn
greater depth, the fouling mechanism of IVIG, including the identification of the fouling
species, was elucidateBurthermore, virus retention performance wasaluated in context

of PSDswhile fouling robustness was evaluated in context of R8®&ding mechanistical
insights.Paper 1(cf. section 3.1) focusesn determination of PSDs and virus retention and
paper 2(cf.section 3.2) orPSGs and fouling, respectively.

As third objectivein paper 3(cf. section 3.3)virusretention mechanisms were investigated
within a holistic, Dobased approachs a function of membrane characteristics, solution and
process conditionsA unique featwe ofthis study is the use of model VFRaving specifically
designed PSDs and protein binding capacities as measure for the interaction of proteins with
the membrane, which ipresumablyalso valid for the interaction between neenveloped
viruses and the membrane. Besides the solution characteristics pH, salt
concentration/conductivity and protein concentration, also thbsence/presencef Fl has
been examinedFurthermore, filtration results are supported by biophysical characterization

of the virusand nonvirus containing feed streams with respect to particle size distributions.
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3.1 Determination of pore size distributions of virus filtration membranes

using gold nanoparticles and their correlation with virus retention

(paperl)

P.Kosiol, B. Hansmann, M. Ulbricht, V. Thom,

Determination of pore size distributions of virus filtration membranes using

gold nanoparticles and their correlation with virus retention,

J. Memb. Sci. 533 (2017) 2891.

doi: 10.1016/j.memsci.2017.03.043.

Retention mechanisms Determination of PSDs Correlation with virus retention
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Determination of pore size distributions of virus filtration membranes using
gold nanoparticles and their correlation with virus retention
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Peter Kosiol™”, Bjérn Hansmann®, Mathias Ulbricht™*, Volkmar Thom®

® Sartortus Stedim Biotech GmbH, 37079 Géttingen, Deutschland
b Universitit Duisburg-Essen, Lehrstubl fiir Technische Chemie 11, 45141 Essen, Deutschland

ARTICLE INFO ABSTRACT

Virus filtration membranes contribute substantially to the virus safety of biopharmaceutical drugs due to their
capability to retain viral particles mainly based on the size-exclusion mechanisms. In this work, virus filtration
membranes were challenged with gold nanoparticles (GNPs) in order to determine pore size distributions
(PSDs) for a wide range of different commercial and non-commercial parvovirus retentive membranes differing
in structure, material and surface chemistry. The retention mechanism of GNPs was investigated and effectively
shifted towards size-exclusion by using an anionic surfactant to suppress particle adsorption to the membrane
surface. This allowed insights into the relevance of particle retention based on size-exclusion mechanisms of the
respective membranes. Membrane PSDs investigated through GNP challenges were for some membranes
compared with PSDs investigated by liquid-liquid displacement porometry (LLDP). In addition, virus retention
performance using Pseudomonas aeruginosa bacteriophage PP7 as accepted model virus was determined for
the entire set of membranes and correlated with the cut-off pore size obtained from experiments using GNPs.
Exemplarily, retention was examined for one membrane type using a set of different sized viruses or phages
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(PCV-2, PP7, MVM, HAV) ranging from 18 to 28 nm and compared to GNP retention.

1. Introduction

Throughout the last two decades, virus filtration using porous mem-
branes has become a mature standard unit operation for virus clearance in
the purification process of biopharmaceuticals derived from human or
animal origin in order to ensure pathogen safety of drugs [1,2]. While first
commercial virus filters (VFs) were intended to remove larger viruses with
diameters > 50 nm like retroviruses, nowadays VFs have to ensure efficient
and robust virus removal also of small viruses like parvoviruses with 18—
24 nm in diameter by exhibiting a virus retention of at least 99.99% (log,o
reduction value (LRV) >4) [3—5]. The major challenge that VFs have to
overcome is the high demand regarding selectivity. Typical biopharmaceu-
tical product molecules like IgG-type monoclonal antibodies with diameters
of about 1() nm are only slightly smaller than parvoviruses and have to be
transmitted on a quantitative basis (>95%) [1,6]. VFs are typically
operated in dead-end mode. Size-exclusion, which is regarded as the main
separation mechanism, has proven to allow for such high selectivities and is
therefore considered to be mainly dependent on the pore size distribution
(PSD) in the separation-active layer of the membrane [5]. Those high
selectivites are achieved by VFs having very narrow PSD within the
separation-active layer in comparison to ultrafiltration membranes [7,8].
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Also in contrast to ultrafiltration membranes, the separation active-layer of
a VF usually consists of a multitude of pore layers which reduces the risk of
few abnormally large pores causing severe loss in virus retention perfor-
mance [9-12]. While the first generation of parvovirus VFs has suffered
from low robustness regarding virus retention [ 13], occasionally exhibiting
severe parvovirus breakthrough, the latest second generation of VFs has
proven significantly increased retention robustness [2].

A major challenge to link membrane structure properties of very
different VFs to their performance properties, namely retention,
permeability and fouling, is the lack of material independent techni-
ques to characterize membrane pores in the size range of 5-50 nm.
Deeper knowledge of structural properties of VFs could be the basis for
developing a better mechanistic understanding of both, retention and
fouling behavior.

To determine the PSD of the separation-active layer of a VF,
techniques like gas-liquid displacement porometry (GLDP) as well as
mercury porosimetry both require pressures too high for polymeric
VFs, altering the pore structure during the measurement. Liquid-liquid
displacement porometry (LLDP) has been successfully applied to VFs
to determine the PSD of the separation-active layer due to significantly
lower necessary pressures [14,15]. The two studies showed a correla-
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Nomenclature Joon Pure water flux [g/min]
Jis Flux with 0.26 wt% SDS [g/min]

A Membrane area [m?] LRV Log reduction value [dimensionless]
Aseed Absorbance at 527 nm in feed [dimensionless] PDF Probability density function [dimensionless]
Aperm Absorbance at 527 nm in permeate [dimensionless] Q Flux ratio between J; and J; [dimensionless]
c Concentration [wt%] R Coefficient of determination [dimensionless]
CDF Cumulative distribution function [dimensionless] r Retention [dimensionless]
Cloed Concentration of phages/viruses in feed [PFU/mL; t Time [min]

TCID5p/mL; virus genome copies/mL] v Volume [L]
Coerm Concentration of phages/viruses in permeate [PFU/mL;

TCIDsp/mL; virus genome copies/mL] Greek symbols
dogs; 99% cut-off pore diameter [nm]
dyoy Corrected 99% cut-off pore diameter [nm] 7 Interfacial tension of 2-phase system [mN/m]
dpy g Particle diameter measured with DLS [nm] Ohydrodyn  Hydrodynamic correction term [nm]
drnean Mean pore diameter [nm] [ Correction term for pore narrowing by SDS adsorption
den Corrected mean pore diameter [nm] [nm]
dyoic.  Particle diameter [nm] A Coefficient of variation [dimensionless]

pore Pore diameter [nm] AP Transmembrane pressure [bar]
TEM Particle diameter measured with TEM [nm] " Location (fit-)parameter of log-normal distribution func-

A Permeance-weighted probability density function [dimen- tion [dimensionless]

sionless] o Scale (fit-)parameter of log-normal distribution function
Ji Flux of displacement liquid during displacement of wet- [dimensionless]

ting liquid [g/min] & Standard deviation [nm]
5 Flux of pure displacement liquid [g/min]

tion between LLDP results and virus retention for homologous VFs,
differing only in pore size. However, by applying the same procedure to
different VFs with respect to material, surface chemistry and pore size
gradient, Giglia et al. [15] observed deviations from the previously
obtained correlation with respect to virus retention. Although being
applicable to VFs in general, the strength of LLDP is to determine PSDs
of homologous membranes differing regarding the barrier pore size.
Comparative LLDP studies of VFs made from different materials, with
different pore size gradients and surface properties are challenging for
various reasons [16]. Typical 2-phase systems utilized for LLDP consist
of water/alcohol [17] or water/polyethylene glycol/ammonium sulfate
[18] mixtures. Alechol containing systems can cause significant swel-
ling of polyethersulfone (PES) membranes leading to erroneous results
[19] or even structural damaging of the membrane [20] while other
materials like poly(vinylidene fluoride) (PVDF) exhibit only negligible
swelling with the same alcohols. As polyethylene glycol is known to
strongly interact with PES [21], measured pore sizes might not be
accurate and might be dependent on contact time of the membrane
with the polymer-rich phase. In addition to the variation of membrane
base materials, VFs usually are surface modified exhibiting different
surface chemistries, depending on the manufacturer and the specific
modification methods used [5]. This leads to additional interactions
between the membranes and the 2-phase systems, making interpreta-
tions of results for a variety of VFs difficult. LLDP can also suffer from
low reproducibility for identifying the maximum pore size, caused by
measuring flow rates significantly above the base line flow rate already
at pressures much below the expected bubble-point of the individual
membrane [17]. This is especially relevant as the maximum pore size,
in contrast to the mean and minimum pore size, was found to be the
most predictive result from LLDP towards virus retention [14]. In a
previous study, the correlation between maximum pore size deter-
mined by LLDP and virus retention using Pseudomonas aeruginosa
bacteriophage PP7 as model virus for a variety of commercial VFs was
found to be quite low (R*=0.3) [16].

Although scanning electron microscopy (SEM) is successfully
applied for the determination of pore sizes in the range of VFs,
quantitative applications are mostly limited to track-etched mem-
branes or other membranes, having the separation-active pores visible
on the outermost membrane surface [17]. The separation-active layer
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of VFs is often located deeper within the membrane structure,
necessitating the preparation of cross-sections, which on the other
hand can cause artifacts (e.g. by compaction or smearing). In addition,
the measurement of pore sizes by image analysis of 2-dimensional
pictures is challenging, as VFs have complex pore networks.

A different approach is based on rejection of solutes of known size
in course of filtration experiments to gain insights into PSDs, Typical
solutes can be linear/circular polymers (e.g. dextran [22-24], poly-
ethylene glycol (PEG)/polyethylene oxide (PEO) [11,24,25], deoxyr-
ibonucleic acid (DNA) [26]) or rigid spherical particles (e.g. inorganic
nanoparticles [27-29]). While the application of linear polymers such
as dextrans to determine PSDs has become a standard technique for
ultrafiltration membranes, results obtained for VFs are more difficult to
interpret, as the results are strongly dependent on pore size gradients
and membrane orientation, which the authors contributed to internal
concentration polarization [22]. Susanto et al. also observed and
discussed adsorption of dextrans on PES membranes, leading to
membrane fouling, i.e. flux decline and changed rejection [30]. It has
been turther demonstrated that circular plasmid DNA with 350 nm in
hydrodynamic diameter can penetrate pores of 10 nm in size due to
stretching of the molecule, an effect which is also amplified by higher
transmembrane pressures, leading to further increased DNA transmis-
sion [26]. This effect could also occur to linear polymers that form
spherical coil-like structures in solution, leading to inaccurate deter-
mination of the largest pore, which is most relevant for virus retention
[24]. The “PDA Technical Report No. 41 - Virus Filtration”, a major
guideline for virus filtration, states dextran retention not to correlate
with virus/phage retention [1].

Rigid spherical particles on the other hand have proven to be highly
applicable for examination of virus retentive properties of VFs. Helling
et al. investigated retention properties of microfilters and VFs with a set
of particles exhibiting different Young's moduli ranging from <
1.2 MPa for bacteria up to > 310 MPa for Pseudomonas aeruginosa
bacteriophage PP7 and polystyrene latex beads [31]. They found that
for soft particles like bacteria retention can decline with higher
transmembrane pressure caused by deformation and squeezing
through of the particles while retention of stiff particles like PP7 and
latex beads was observed to be constantly high within the investigated
pressure range up to 10 bar. Deformation and squeezing through of
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gold nanoparticles (GNPs) with even significantly higher Young's
moduli of 100 GPa [32] during filtrations using VFs is therefore
unlikely. Besides their stiffness, GNPs are commercially available in a
wide range of sizes from below 5nm up to several hundreds of
nanometers. The spherical shape, low size dispersity and high optical
absorption in the visible spectrum of GNPs are very favorable attributes
for solute rejection experiments. Depletion of GNPs in a solution in
course of filtration experiments can be easily measured up to a LRV of
3 using a standard UV-Vis spectrophotometer. Thus GNPs have been
applied in the development of the first commercial VFs and used as
virus model for filtration experiments [28,33,34]. In biopharmaceutical
manufacturing GNPs are used for physical post-use integrity testing of
VFs, as the retention of GNPs correlates with virus retention [1,35]. For
integrity testing, however, the retention performance for a single
particle size, usually 20 nm for parvovirus retentive VFs, is determined,
which gives only limited insights into the actual PSD of the membrane.
Arkhangelsky et al. reported the use of GNPs and silver nanoparticles
in separate filtration experiments using different sized particles with
various membranes made from cellulose acetate (CA), PES, PVDF,
polycarbonate (PC) or ceramics [24,27]. The authors were able to
determine PSDs distributions only of some of the membranes tested by
using GNPs. They observed limitations of this technique to gain
information on the pore structure of membranes made of PES and
CA, which was caused by high affinity of the particles towards the
specific membrane materials and was related to higher membrane
hydrophobicity. Adsorption of metal nanoparticles, increasing the
observed retention efficiency of polymeric membranes and thereby
superimposing the size-exclusion properties, has also been observed by
other groups [29,36,37]. One way to overcome unwanted adsorption of
GNPs is the surface functionalization of GNPs using protective ligands.
Although some ligands have proven to significantly reduce adsorption
of GNPs on certain membrane materials, their efficiency to suppress
adsorption is highly specific towards the individual membrane material
and therefore not universally applicable [29]. Another way to reduce
GNP adsorption was reported by Wei and Liu for the separation of
GNPs by size exclusion chromatography, where adsorption of GNPs to
the stationary phase has been an issue [38,39]. By addition of an
anionic surfactant, namely sodium dodecyl sulfate (SDS), to the mobile
phase adsorption was significantly reduced. The authors explained this
observation by an interaction between the stationary phase material
(polystyrene—divinylbenzene) and SDS. The presence of SDS had no
significant influence on the particle size. Furthermore a post-use
integrity testing procedure for VFs made from hydrophilized synthetic
polymers has been patented using metal nanoparticles in complex
solvents comprising of an anionic polymer together with at least one
non-ionic surfactant and/or a water-soluble polymer containing a
pyrrolidone group in order to reduce interfering adsorption of the
nanoparticles [40].

The aim of this work was to develop a technique that is capable of
determining PSDs of highly diverse commercial parvovirus retentive
VFs as well as ultrafiltration membranes. For this, an approach based
on solute rejection using rigid and monodisperse GNPs was chosen.
Interfering adsorptive retention of GNPs was overcome by previous
equilibration of the membranes using SDS solutions and by addition of
SDS to the GNP solutions. The retention mechanisms with and without
SDS treatment were determined. PSDs obtained for the ultrafiltration
membrane and the two generations of VFs are discussed. For two VFs,
results are compared with data obtained by LLDP as a complementary
characterization technique. For one VF, GNP retention data as well as
the therefrom derived PSD are compared with virus retention of
different sized viruses (PCV-2, PP7, MVM, HAV) having diameters
ranging from 18 to 28 nm. The results for the cut-off pore diameters of
all VFs determined by GNP experiments are correlated with virus
retention performance using Pseudomonas aeruginosa bacteriophage
PP7 as accepted model virus.
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2. Materials and methods
2.1. Materials

2.1.1. Chemicals

Sodium dodecyl sulfate (SDS; =99%), 0.01% poly-L-lysine solution
(150-300 kDa, sterile-filtered) and uranyl acetate (>98%) were pur-
chased from Sigma-Aldrich.

2.1.2. Membranes

The studies were performed on a set of commercial parvovirus
retentive VFs (“VF1”-“VF7”) manufactured by Asahi Kasei Medical,
EMD Millipore, Pall Corp. and Sartorius-Stedim Biotech and made
from polyethersulfone (PES), poly(vinylidene fluoride) (PVDF) or
regenerated cellulose (RC). In addition, a non-commercial variation
of VF4 with larger pore sizes labelled as VF4b has been studied. For
comparative reasons experiments included also a 100 kDa PES ultra-
filtration membrane (“100k PES”) from Sartorius-Stedim Biotech. All
experiments were conducted with a single layer of membrane, while
commercial devices can also contain multiple layers of the same
membrane.

2.1.3. Gold nanoparticles

Aqueous solutions of citrate-stabilized gold colloids in deionized
water with nominal diameters ranging from 5 to 50 nm were purchased
from Nanopartz Inc. Gold concentrations were 0.050 mg/mL corre-
sponding to optical densities of unity (SPR peak). All solutions had pH
7. Zeta potentials of the GNPs were between —30 and -40 mV.

2.1.4. Phages/viruses

Pseudomonas aeruginosa bacteriophage PP7 (ATCC 15692-B2)
was used as accepted standard model virus for investigation of
retention properties of parvovirus retentive VFs [1 41]. PP7 was
propagated using Pseudomonas aeruginesa (ATCC 15692) as host.
Phage titers were obtained by a plaque assay using P. aeruginosa as
indicator cell. Propagation and titrations were carried out according to
recommendations by the PDA Technical Report No. 41 - Virus
Filtration [1].

Suspensions of porcine circovirus type 2 (PCV-2, Strain Stoon-
1010, University of Ghent, Belgium), minute virus of mice (MVM,
Strain Crawford, ATCC VR-1346) and hepatitis A virus (HAV, Strain
HM175/18f, Robert Koch Institute, Berlin, Germany) were obtained
and handled by an external virology laboratory (“SOP P04-029 Version
02: virological testing”, “SOP LV 101 Version 06: propagation and
titration of viruses”, Labor Dr. Merk & Kollegen GmbH, Germany).
PCV-2 was propagated in PK15 cells (University of Ghent, Belgium)
and quantified by the count of genome copies using qPCR (ViroReal Kit
PCV2, Ingentix, Vienna, Austria) due to absence of a visible cytopatho-
genic effect. MVM was propagated and titrated in A9 cells (Paul Ehrlich
Institute, Langen, Germany). HAV was propagated and titrated in Rh/
K cells (Robert Koch-Institute, Berlin, Germany). Infectivity titer for
MVM and HAV was determined by TCIDs5, assay using large volume
plating techniques.

2.2, Size characterization of GNPs

2.2.1. TEM

GNPs were characterized by transmission electron microscopy (TEM)
using a CM12 instrument (Philips, Netherlands) at 120 kV. Carbon-coated
copper grids (200-mesh) were used as sample carriers. Immobilization of
GNPs on TEM grids was achieved by dripping particle containing solutions
on the grid and air drying for 1 h. TEM images were analyzed using the
image processing software ImageJ 1.48v (http://rsbweb.nih.gov/ij/) to
obtain size distributions of the particles. Images were binarized and the
areas of the single particles determined. From the areas, the equivalent
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circle diameters were calculated. Mean diameters and standard deviations
were determined. Overlapping particles, which were most probably the
result from sample preparation, were excluded from analysis.

2,22, DLS

Size measurements of GNPs utilizing dynamic light scattering
(DLS) were conducted using a StabiSizer PMX 200C (Particle Metrix
GmbH, Germany). At least six measurement runs with run times of
90 s have been performed for each batch of GNPs. For the calculation
of number-based distributions, in order to improve comparability
towards TEM measurements, a refractive index of 1.333 was assumed
for water as dispersant and the refractive index/transparency setting
for GNPs was set to “absorbing” in the Microtrac FLEX software
program accompanied to the DLS device. Presented results are
averages of the mean number diameters. Additional information on
the width of the particle size distribution is provided by the measured
standard deviation, which has been averaged for all replicates and is
represented by errors bars, although it is not a measure of statistical
error,

The additional GNP size analyses using differential centrifugal
sedimentation (DCS) and UV-Vis speciroscopy are described in
Supporting Information.

2.3. Size characterization of phage/virus particles

TEM was used to determine the size of phage/virus particles. Phage
particles were immobilized on carbon-coated copper grids (200-mesh)
previously treated with poly-r-lysine. Uranyl acetate was used for
negative staining. TEM images of the phages were obtained by using
a Leo 912 AB microscope (Zeiss, Germany) at 80 kV.

Sample preparation and microscopy of phage/virus particles was
performed by an external virology laboratory (Labor Dr. Merk &
Kollegen GmbH, Germany) using a negative staining protocol. Particle
sizes were determined by manual image analysis using ImageJ 1.48v.

2.4. Filtration experiments

All filtration experiments were conducted in dead-end mode at
constant pressure of 2 bar. In case of mechanically sensitive membrane
types, pressure was reduced to 1bar according to manufacturer
specifications. The membranes were always oriented with the separa-
tion-active layer facing downstream.

2.4.1. Gold nanoparticles (GNPs)

Prior to the filtration of GNPs, membranes were wetted and flushed
with reverse osmosis (RQ) water in order to ensure complete wetting.
Afterwards all membranes were equilibrated with 0.26 wt% SDS
solution by flushing with at least three hold-up volumes of the
membrane device. SDS occupies possible binding sites for the GNPs
on the membrane surface and hence supresses adsorption of the GNPs
[38,39]. The stationary water flux after possible SDS adsorption was
determined for each membrane type in order to quantify pore
constrictions used for corrections of the PSDs obtained by GNP
retention. Flux measurements were performed gravimetrically using a
Quintix balance (QUINTIX2102-1 8, Sartorius, Germany).

All GNP solutions were used at concentrations of 0.05 mg/mL (ef.
Section 2.1.) and 0.26 wit% SDS added. Filtration experiments were
carried out using different sized GNPs in the size range from 5 to
50 nm. At least six filtrations using different particle sizes were run in
parallel for each membrane type. The amount of feed used per filtration
added up to three hold-up volumes of the VF device. The last 0.5 mL of
each permeate were collected as grab sample for retention determina-
tion. Finally, the membranes were again flushed with two hold-up
volumes of 0.26 wit% SDS. The membranes were then removed out of
their housings and dried at room temperature on a cellulose cloth for
1h
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2.4.1.1. Pore size distributions. First, the GNP retention values were
determined photometrically at 527 nm using an Infinite 200 Pro
spectrophotometer (Tecan, Switzerland). By measurement of the
absorbance in the feed Apeq and in the permeate Aem the retention
r can be calculated as follows

A

perm

A feed

r=1
1

The retention is then plotted against the particle size measured by
TEM (drgyp)-

As most commonly log-normal distributions are used to describe
membrane PSDs [42], the retention data is fitted to a log-normal
cumulative distribution function (CDF) using a simple nonlinear least-
squares data fitting procedure [43]. The applied CDF fit function has
the following notation

with i and o as fit parameters. Under a first assumption of the two-pore
model, the particle size equates with the pore size [44]. The two-pore
model implies that particles are transmitted if their size is smaller than
the pore size while particles larger than the pore size are completely
retained. The subsequent sizes were further determined from the fit
parameters u and ¢
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CDF(dpy | 1, 6) = %[H—erf[ @

ean = SXP(# + @)
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with diyean being the arithmetic mean pore diameter and 6 the standard
deviation. Furthermore, the 99% cut-off pore diameter dygs; Was obtained
from numerical approximation of Eq. (2) for CDF(dyy)=0.99. Due to the
simplicity of the assumption of the two-pore model, further contributions
of membrane and particle properties have to be taken into account in
order to obtain a more realistic picture of the PSDs. Although making size
exclusion properties accessible for a wide range of membrane materials
and surfaces by using SDS, its adsorption to the membrane surface
perturbs the determination of the real PSD. Under consideration of the
Hagen—Poiseuille equation and the fluxes measured with RO water Jyo
and with SDS solution Jg)s for each membrane type, the narrowing of the
pore sizes by SDS 8sps can be determined

1
| ksps
Y 120

Sps = dmean -1

5

Additionally the larger hydrodynamic size of the GNPs in contrast
to the size of the gold core determined by TEM was considered by the
average deviation between TEM and DLS results (cf. Section 3.1.)

12

Shydrodyn = 12 Z (dpy5; — dypy) = 2.3 nm )
i=1

Hence, the following relation between the pore size d o and the
particle size dypy has been defined

d

pore = A F F5ps + ydraayn

)

Application of the expression (7) to the corresponding log-normal
probability density function (PDF) of Eq. (2)

[In(drey) — ul*
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PDF(dyp | t. 7) = .
e (dre)oy2r 207

8

will result in the final PDF describing the PSD
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