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Kurzzusammenfassung 

 

Moderne biopharmazeutische Prozesse schließen eine umfassende Strategie zur 

Virusabreicherung ein, um die Gefahr von Viruskontaminationen von Arzneimitteln zu 

verringern und damit die Sicherheit von Patienten zu gewährleisten. Neben der Testung von 

Ausgangsmaterialien und der finalen Arznei, ist es für Herstellprozesse basierend auf 

Säugetierzelllinien von Behördenseite erforderlich, dass mindestens zwei orthogonale 

Prozessschritte für die Inaktivierung oder Abreicherung von endogenen bzw. zufälligen Viren 

implementiert sind. Über die letzten drei Dekaden hinweg hat sich die auf Größenausschluss 

basierende Virusfiltration unter Verwendung von porösen Membranen im Dead-End-Betrieb  

als Industriestandard etabliert.  

Membranen zur Virusfiltration bestehen aus komplexen porösen Strukturen, die in der Lage 

sind kleine Viren, wie das Parvovirus mit einem Durchmesser von 18-24 nm, mindestens zu 

99.99 % abzureichern. Gleichzeitig ist eine Transmission von typischen Produktspezies, zu 

denen monoklonale Antikörper vom IgG-Typ gehören und Durchmesser von 9-12 nm 

aufweisen, von mehr als 95 % erforderlich. Aus diesen ähnlichen Größenordnungen resultiert 

eine besonders anspruchsvolle Trennaufgabe, die diese Membranen zu erfüllen haben. 

Neben dem obligatorischen Virusrückhaltevermögen sind aus applikativer Sicht die Wasser- 

bzw. Pufferpermeabilität sowie die Robustheit gegenüber Verblockung die entscheidenden 

Eigenschaften von Membranen zur Virusfiltration. Aus materialwissenschaftlicher Perspektive 

sind diese Eigenschaften eng mit der Porengrößenverteilung in der trennaktiven Schicht, dem 

Porengrößengradienten entlang der Membrandicke sowie den Charakteristika der 

Membranoberfläche verbunden.  

Im Allgemeinen beschäftigt sich die vorliegende Arbeit mit der Methodenentwicklung sowie 

der Anwendung dieser Methoden zur Charakterisierung struktureller Membraneigenschaften 

wie der Porengrößenverteilung und dem Porengrößengradienten. Desweiteren wurde eine 

Auswahl kommerzieller sowie nicht-kommerzieller Membranen zur Virusfiltration hinsichtlich 

Virusrückhalt sowie Robustheit gegenüber Verblockung untersucht. Die so ermittelten 

applikativen Membraneigenschaften werden in der vorliegenden Arbeit ins Verhältnis zu den 

strukturellen Eigenschaften der Membranen gesetzt. Hieraus werden mechanistische 

Konzepte zur Wirkungsweise von Membranen zur Virusfiltration insbesondere bezüglich 

Verblockung und Virusrückhaltung abgeleitet und diskutiert. 
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1 Introduction 

 

Modern biopharmaceutical processes implement comprehensive virus clearance strategies to 

minimize the threat of viral contamination of drugs and ensure patient safety. Besides testing 

of source materials and the finally formulated drug, manufacturing processes based on 

mammalian cell lines are required by the regulatory agencies to include at least two dedicated 

orthogonal unit operations for the inactivation or removal of endogenous or adventitious 

viruses [1]. Throughout the last three decades, size exclusion based virus filtration using 

porous membranes in dead-end mode has become an industry standard known for its 

reliability and robustness to clear viruses  while not affecting product quality and allowing high 

product recovery [2–4]. 

Virus filtration membranes (VFMs) have complex porous structures capable of retaining small 

viruses such as parvoviruses having 18-24 nm in diameter [1] by at least 99.99 % 

corresponding to a log10 reduction value (LRV) >= 4. At the same time, typical product 

molecules like monomeric IgG-type monoclonal antibodies, having diameters of 9-12 nm [5], 

need to be transmitted by more than 95 %. Exhibiting pore sizes (nominally 20 nm) within the 

same magnitude of both product and contaminant species renders the separation task that 

VFMs fulfil intensely sophisticated. For comparison, other size-based unit operations utilizing 

membranes, such as microfiltration, separate species differing by at least one order of 

magnitude in hydrodynamic diameter.  

This high demand for selectivity renders the development and manufacturing of VFMs a 

challenging task. Besides the obligatory virus retention performance, the 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 linked to the pore size distribution (PSD) in the separation-active layer (SAL), the pore 

size gradient (PSG) along the membrane thickness and the characteristics of the membrane 

surface. 

In general, the present thesis focuses on method development and application of analytical 

techniques capable of determining structural membrane properties such as the PSD and PSG. 

Further, commercial and non-commercial VFMs are characterized by their virus retention 

performance and fouling robustness using representative virus models and feed streams. 
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Particular attention is paid on relating membrane properties and application performances. 

Thereby, mechanistical concepts for the mode of operation are derived and discussed. 

 

In paper 1 (cf. section 3.1), a technique utilizing the filtration of gold nanoparticles (GNPs) for 

the determination of PSDs for a set of commercial and non-commercial VFMs is presented and 

discussed. Further, these results on the PSDs are related towards the virus retention 

performance of the VFMs investigated.  

Paper 2 (cf. section 3.2) focuses on PSGs, also determined by using GNPs, of a very similar set 

of VFMs. The fouling mechanism of a model antibody containing feed stream is investigated 

and the fouling robustness of the VFMs using this antibody is related to their PSGs.  

Paper 3 (cf. section 3.3) provides a comprehensive Design of Experiment (DoE)-based 

investigation on the virus retention mechanisms as a function of membrane characteristics as 

well as solution and process conditions. Furthermore, filtration results are supported by 

biophysical characterization of the virus and non-virus containing feed streams with respect 

to particle size distributions.  
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1.1 Current scientific knowledge 

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

biopharmaceutical industry 

Biopharmaceutical drugs derived from mammalian cell cultures (e.g. recombinant proteins, 

monoclonal antibodies) or human plasma (e.g. coagulation factors, intravenous 

immunoglobulin (IVIG)) suffer from a potential risk of virus contamination [1,2,6]. Such 

contaminations can originate from contaminated master cell banks (endogenous virus) or be 

introduced by contaminated source materials (adventitious virus) [1]. Although few events of 

virus contaminations were reported in the last decades and detected in time prior to 

administering these drugs to patients [7,8], these incidents had far reaching consequences for 

the implicated pharmaceutical companies and their patients. Two reported contamination 

events with Vesivirus 2117 at Genzyme in 2008 and 2009 led to shortages of the two key drugs 

Cerezyme and Fabrazyme caused by plant shutdowns and extensive decontamination 

processes [7,9,10]. Patients were affected by rationing of these drugs, which in case of 

Cerezyme, the only drug available for treatment of Gaucher disease, had an impact on patient 

treatment. Consequences were of disastrous extent for Genzyme. Besides loss of patient 

confidence, economic damage ran into hundreds of millions of dollars und put the company 

under close supervision by the regulatory agencies [10]. 

To mitigate risks of virus contaminations that might lead to far reaching consequences, 

guidelines by the health authorities [1,2,11] require comprehensive viral clearance strategies. 

These strategies consist of testing of the master cell banks or blood and plasma donors, raw 

materials, unprocessed and processed bulk material for presence of viruses. In addition, 

downstream processes are required to incorporate at least two dedicated orthogonal unit 

operations for the removal of viruses and/or inactivation of viral infectivity. The capabilities 

of each virus removal/inactivation unit operation need to be demonstrated during process 

development stage prior to manufacturing. For this purpose, down-scale virus clearance 

studies are conducted using the individual process intermediates under process related 

conditions together with representative viruses. According to FDA guideline ICH Q5A, viruses 

“... should be chosen to resemble viruses which may contaminate the product and to 

represent a wide range of physico-chemical properties in order to test the ability of the system 

to eliminate viruses in general” [1]. Therefore, viruses typically selected for clearance studies 

include large, enveloped viruses such as murine leukemia virus (MuLV, 80-110 nm, retrovirus) 
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as accepted model for endogenous viruses and small, non-enveloped viruses such as 

parvoviruses (18-24 nm) [1] as worst case for inactivation and filtration trials. Unit operations 

applied for virus clearance can be divided into techniques based on inactivation and removal. 

These unit operations differ with respect to their efficacy and robustness towards different 

types of viruses. Virus inactivation approaches by solvent/detergent, low pH and high 

temperature treatment suffer from limited efficacy against non-enveloped viruses [2,12]. 

Virus removal techniques based on interactions such as ion-exchange chromatography lack 

robustness with respect to process conditions and efficacy can be highly dependent on the 

individual virus species and its surface characteristics [2,12]. However, size exclusion based 

virus removal using VFMs is known as an effective and robust unit operation for virus 

clearance. This results from its capability of removing all viruses independent of their surface 

characteristics and including challenging small viruses of high resistance towards physico-

chemical treatment [2,12]. Most recently, new VFMs became commercially available for 

application in upstream processing in order to prevent entry of viruses into the bioreactor by 

contaminated cell culture media [13]. 

 

1.1.2 History and application of virus filtration membranes 

From technological perspective, polymeric VFMs with complex networks of interconnected 

pores emerged in the late 1980s/early 1990s from significantly older, already existing types of 

membranes such as dialysis, ultrafiltration and microfiltration membranes [14,15].  

In 1989, data was published proving the capability for substantial size exclusion based 

retention of LRV >= 6 for human immunodeficiency virus (80-130 nm [2]) by porous, polymeric 

membranes resulting in no detectable infectivity in the filtrates while exhibiting significant 

transmission of albumin and γ-globulin [14]. The same year, these cellulosic hollow fiber 

membranes were commercialized by Asahi Chemical Ind. Co. Ltd., a company with focus on 

dialysis membranes, under the trademark Planova™ for virus filtration of pharmaceutical 

blood and plasma products [14]. Related to dialysis membranes, such membranes are 

characterized by a sponge-like pore structure showing a rather shallow PSG, consisting of a 

multitude (100-200) of retentive pore layers in the SAL (Fig. 1, left) [14,16].  
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Fig. 1. Scanning electron microscopy images of cross-sections of early VFMs Asahi Planova™ 

20N (left) and Millipore Viresolve®/70 (middle and right) adapted from [15,17]. 

 

A very different approach was taken by Millipore Corp. in 1992, developing VFMs derived from 

ultrafiltration membranes (UFMs) under the Viresolve® trademark [15]. Pore structures are 

sponge-like and exhibit steep PSGs with a thin, skin-like SAL (Fig. 1, middle and right). Special 

considerations have been taken by Millipore Corp. to reduce the presence of abnormally large 

pores (defects) in the SAL, which were attributed to be responsible to low retention 

performance of “typical” UFMs [15]. Also, in order to improve fouling robustness, these 

membranes made of polyvinylidene fluoride (PVDF) incorporated a surface modification. As 

unique feature, this membrane was developed for tangential flow filtration (TFF) for which 

the membrane was oriented with the SAL facing upstream towards the feed (Fig. 2, right).  
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Fig. 2. Schematic illustration of dead-end (left) and tangential flow filtration (right). Blue 

arrows indicate the flow direction. 

 

Today, VFMs are developed and manufactured by Asahi Kasai Medical, Merck-Millipore, Pall 

and Sartorius-Stedim Biotech and made from polyethersulfone (PES), PVDF and regenerated 

cellulose (RC) by phase inversion processes. For purpose of fouling robustness, PES and PVDF 

VFMs are typically surface modified by proprietary techniques. 

VFMs are often classified by the virus size or type of virus they have to retain. Early VFMs were 

developed to retain large viruses > 50 nm such as retroviruses (80-110 nm), where the 

demand for selectivity was moderately high [18]. With further improvements of selectivity, 

small virus retentive membranes became available, capable of retaining all viruses > 18 nm 

like parvoviruses (18-24 nm) as worst-case model [4]. While providing high selectivity, VFMs 

associated to the first generation of small virus retentive membranes, developed before the 

early 2000s, were reported to lack retention robustness and occasionally result in significant 

parvovirus breakthroughs [18,19]. Retention robustness was significantly improved for the 

recent second generation. Often, small virus retentive membranes, nominally being rated as 

20 nm filters, are denoted as parvovirus retentive VFMs.  

Furthermore, some of the early VFMs were intended for use in TFF mode. Single-use VFMs 

operated in dead-end mode have become industry standard due to advantages such as ease 

of use, ease of validation and economics (Fig. 2, left) [20]. For reasons of fouling robustness, 

all VFMs have a more or less distinct PSG. In case of VFMs used in dead-end mode, membranes 

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

the SAL can act as pre-filter protecting the SAL from fouling (Fig. 2, left) [21]. 
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In a downstream process virus filtration is typically located close to end of the process before 

the final concentration and buffer exchange (UF/DF), where the process intermediate is 

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

 

 

Fig. 3. Conventional sequence of unit operations in downstream antibody production 

including typical positions for the virus filtration unit operation adapted from [22]. 

 

1.1.3 Significance and characterization of the virus filtration membrane structure 

Porous membranes with complex 3-dimensional structures of interconnected pores can be 

characterized with respect to their material properties such as structure and surface 

properties as well as by their application performance such as permeability, virus retention 

and fouling robustness (Fig. 4).  

 

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 primary separation mechanism of VFMs, 

although interactions are discussed in literature to be potentially contributing [4]. Therefore, 

this thesis focuses on the development and application of techniques specifically applicable 

for determination of structural properties of VFMs. Special focus is paid on the determination 

of pore sizes with respect to the PSD within the SAL as well as the PSG along the membrane 

thickness, also in literature referred to as membrane symmetry. More general and 

comprehensive literature addressing membrane characterization including surface properties 

can be found elsewhere [23–26]. 

 

Pore size distribution 

Size exclusion has proven to facilitate the necessary high selectivity for separation of viruses 

and biopharmaceutical product molecules and is therefore considered to be mainly 

dependent on the PSD in the SAL of the membrane [4]. Such a high selectivity is achieved by 

a narrow and defined PSD, which can typically be well described by a log-normal distribution 

function [27,28]. In comparison to other membranes used in downstream processing such as 

UFMs, VFMs are assumed to have a very narrow PSD [29,30]. Also in contrast to UFMs, the 

SAL of a VFM usually consists of a multitude of pore layers which reduces the risk of few 

abnormally large pores causing severe loss in virus retention performance [17,31,32]. While 

the first generation of parvovirus VFMs has suffered from low robustness regarding virus 

retention [32], occasionally exhibiting severe parvovirus breakthrough, the latest second 

generation of VFMs has proven significantly increased retention robustness [19]. 

A major challenge to link membrane structure properties of very different VFMs to their 

performance properties is the lack of material independent techniques to characterize 

membrane pores in the size range of 5-50 nm. Deeper knowledge of structural properties of 

VFMs could provide the basis for developing a better mechanistic understanding of both, virus 

retention and fouling behaviour. 

Well-established displacement techniques for determination of PSDs within the SAL like gas-

liquid displacement porometry (GLDP) as well as mercury porosimetry suffer from severe 

limitations. Required pressures for phase displacement are too high (>> 10 bar) for polymeric 

20 nm rated VFMs and typically lead to compaction and alteration of the pore structure during 

the measurement [33].  
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Liquid-liquid displacement porometry (LLDP), a more recent displacement technique, utilizes 

the lower interfacial tension between two liquids compared to a typical interfacial tension 

between a gas and a liquid phase, resulting in lower applied pressures required for 

displacement. An illustration of the LLDP procedure is given in Fig. 5. 

 

Fig. 5. Schematic illustration of the LLDP procedure (top), plot of typical measurement data 

(bottom left) and resulting pore size distribution (bottom right). The Cantor equation was 

utilized to translate the transmembrane pressure ΔP into a pore diameter dpore by using the 

interfacial tension γ. 

 

Due to the lower pressures applied, LLDP has been demonstrated to be applicable to VFMs 

[27,34]. The two studies showed a correlation between LLDP results and virus retention for 

homologous VFMs, differing only in pore size. However, by applying the same procedure to 
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different VFMs with respect to material, surface chemistry and PSG, Giglia et al. [27] observed 

deviations from the previously obtained correlation with regard to virus retention. Although 

being applicable to VFMs in general, the strength of LLDP is to determine PSDs of homologous 

membranes only differing with respect to the PSD within the SAL. Comparative LLDP studies 

of VFMs made from different materials, with different pore size gradients and surface 

properties are challenging for various reasons [35]. Typical 2-phase systems utilized for LLDP 

consist of water/alcohol [36] or water/polyethylene glycol/ammonium sulfate [37] mixtures. 

Alcohol containing systems can cause significant swelling of PES membranes leading to 

erroneous results [38] or even structural damaging of the membrane [39] while other 

materials like PVDF exhibit only negligible swelling with the same alcohols. As polyethylene 

glycol is known to strongly interact with PES [40], 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, VFMs usually are surface modified 

exhibiting different surface chemistries, depending on the manufacturer and the specific 

modification methods used [4]. This leads to additional interactions between the membranes 

and the 2-phase systems, making interpretations of results for a variety of VFMs 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 [36]. 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 [34]. In a previous study, the 

correlation between maximum pore size determined by LLDP and virus retention using 

Pseudomonas aeruginosa bacteriophage PP7 as model virus for a variety of commercial VFMs 

was found to be quite low as depicted in Fig. 6 (R² = 0.33) [35].  
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Fig. 6. Correlation of maximum pore diameter determined by LLDP with virus retention 

reproduced from [35]. 

 

Although scanning electron microscopy (SEM) is successfully applied for the determination of 

pore sizes in the range of VFMs, quantitative applications are mostly limited to track-etched 

membranes or other membranes, having the separation-active pores visible on the outermost 

membrane surface [36]. The SAL of VFMs is often located deeper within the membrane 

structure, necessitating the preparation of cross-sections, 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 2-dimensional pictures is challenging, as VFMs have complex pore networks.  

A different approach is based on retention of solutes of known size in course of filtration 

experiments to gain insights into PSDs. Typical solutes can be linear, branched or circular 

polymers (e.g. dextran [41–43], polyethylene glycol/polyethylene oxide [43–45], 

deoxyribonucleic acid (DNA) [46]) or rigid spherical particles (e.g. inorganic nanoparticles 

made from noble metals [47–49]). While the application of linear polymers, such as dextrans, 

to determine PSDs has become a standard technique for UFMs, results obtained for VFMs are 

more difficult to interpret, as the results are strongly dependent on PSGs and membrane 

orientation, which the authors contributed to internal concentration polarization [41]. 

Susanto et al. also observed and discussed adsorption of dextrans on PES membranes, leading 

to membrane fouling, i.e. flux decline and changed retention [50]. It has been further 

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 
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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 spherical coil-like structures in 

solution, leading to inaccurate determination of the largest pore, which is most relevant for 

virus retention [43]. The “PDA Technical Report No. 41 - Virus Filtration”, a major guideline for 

virus filtration, states dextran retention not to correlate with virus/phage retention [20].  

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

of virus retentive properties of VFMs. Helling et al. investigated retention properties of 

microfiltration membranes and VFMs with a set of particles exhibiting different Young’s 

moduli ranging from < 1.2 MPa for bacteria up to > 310 MPa for bacteriophage PP7 and 

polystyrene latex beads [51]. They found that for soft particles like bacteria retention can 

decline with higher transmembrane pressure caused by deformation and squeezing through 

of the particles. Retention of particles having a significantly higher stiffness like bacteriophage 

PP7 and latex beads was observed to be constantly high within the investigated pressure range 

up to 10 bar. Deformation and squeezing through of GNPs with even significantly higher 

Young’s moduli of 100 GPa [52] during filtrations using VFMs is therefore unlikely. Besides 

their stiffness, GNPs are commercially available in a wide range of sizes from below 5 nm up 

to several hundreds of nanometers. The spherical shape, low size dispersity and high optical 

absorption in the visible spectrum of GNPs are very favourable attributes for solute retention 

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 VFMs made of RC and used as virus model 

for filtration experiments [16,48,53]. In biopharmaceutical manufacturing GNPs are used for 

physical post-use integrity testing of VFMs, as the retention of GNPs correlates with virus 

retention [20,54]. For integrity testing, however, the retention performance for a single 

particle size, usually 20 nm for parvovirus retentive VFMs, 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 [43,47]. 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 and CA, which was caused by high affinity of the 

particles towards the specific membrane materials and was related to higher membrane 
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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 [49,55,56]. 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 [49]. 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 [57,58]. 

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 was claimed to have no significant influence on the particle size. Furthermore a post-

use integrity testing procedure for VFMs 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 

[59]. 

 

Pore size gradient 

In contrast to UFMs, which have thin SALs of single digit microns thickness and support 

structures having pore sizes that are magnitudes larger compared to the ones within the SALs, 

VFMs can have thick SALs with up to 30 µm thickness, consisting of a multitude of pore layers, 

contributing to the high selectivity [17,60,61]. While UFMs have very steep PSGs, 

commercially available VFMs exhibit a wide range of PSGs from UF-like steep to very shallow 

(cf. Fig. 1). Some early VFMs on the market were derived from UFMs exhibiting similar 

membrane structures. For UFMs and UF-like VFMs operated in TFF mode 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 resistance (cf. Fig. 2, right). Some studies using these 

early commercial, UF-like structured VFMs, intended for application in TFF mode, investigated 

the impact of membrane orientation on fouling behaviour [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 orientation, the 

mode of operation, either dead-end or TFF, had no impact on fouling robustness. The 

performance increase was attributed to the porous membrane support structure, acting as a 

depth pre-filter (cf. Fig. 2, left). This pre-filtration effect protects the SAL from fouling by “trace 

levels of submicron-sized particles” [62]. Nowadays all commercially available VFMs are used 

in the orientation with the SAL facing away from the feed. Those VFMs are also designed for 

dead-end use.  

The effectivity of the support structure acting as a pre-filter is highly dependent on the actual 

PSG. Commercial VFMs having an UF-like 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 PSG, only a small section of the membrane in close proximity to the SAL has pore sizes 

in the range of IgG protein aggregates, which are probably < 40 nm [64], resulting in low depth 

pre-filter capacities and higher susceptibility towards fouling. Accumulation of foulants being 

retained by size exclusion closely to the SAL of microfiltration membranes having steep PSGs 

was visualized by using confocal scanning laser microscopy [65,66]. VFMs with shallow PSGs 

have typically lower water permeability as a larger part of the membrane structure 

contributes to the hydraulic resistance. This can increase processing times which negatively 

impacts the productivity of such VFMs. Apart from that, such membranes are known to often 

show higher robustness against fouling, which might be attributed to the fact, that a larger 

part of the membrane structure is capable of retaining the fouling species. Track-etched 

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 containing protein feed streams. An overview of commercial VFMs including a 

very qualitative classification regarding their PSGs (“membrane pore symmetry”) was given by 

Miesegaes et al. (Table I) [4]. 
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Table I. Marketed VFMs (as of 2013) reproduced from [4]. 

 

 

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 pre-filter capacity while keeping the hydraulic resistance as low as possible achieving 

highest possible permeability. Determining the PSG is an especially challenging task with view 

on applicability of methods towards the high diversity of membrane materials and surface 

chemistries that commercial VFMs exhibit [4].  

Utilizing high resolution imaging techniques such as scanning or transmission electron 

microscopy (SEM/TEM) to investigate membrane cross-sections already provides good 

qualitative impressions of membrane structures and related PSGs. Quantitative analysis using 

SEM/TEM is significantly more challenging [67] and often limited to determination of pore 

sizes on the outermost membrane surface [68] rather than within the inner membrane 
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structure. Samples of membrane cross-sections need to be prepared carefully by freeze 

fracturing or microtomy avoiding artefacts that alter the pore structure (e.g. by compaction 

or smearing). In contrast to track-etched membranes with cylindrical pores, VFMs have a 

complex sponge-like pore structure with highly interconnected pores. Quantitative image 

analysis of such structures requires binarization of grayscale images which is a very subjective 

procedure with resulting pore sizes highly dependent on the individual operator [67]. For the 

evaluation of two-dimensional images, also simplifications with respect to the definition of 

the term “pore size” are required. Ziel et al. proposed a computer-aided method to determine 

PSGs of 0.2 µm rated microfiltration membranes measuring the distances of the pore voids 

using “equidistant lines parallel to the (outer) membrane surface and perpendicular to the 

flow direction in the membrane” (= mean free path length) as depicted in Fig. 7 [69].  

 

 

Fig. 7. Cross-section of a segment of a microfiltration membrane after processing by the image 

analysis algorithm from Ziel et al. adapted from [69]. Red lines feature the free path lengths 

identified by the algorithm. The blue arrow indicates the flow direction in the membrane. 

 

While the PSG throughout the whole cross-section was determined quite well, the magnitude 

of the mean free path lengths was significantly larger than 0.2 µm, even in the SAL. This is 

related to the simplified definition of the mean free path length which can be determined 

from a single two-dimensional image of a membrane cross-section. 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 such as X-ray computed 

tomography [70,71] or serial slicing and imaging of cross-sections using electron microscopy 

in combination with 3D reconstruction of the membrane structure [72,73]. However, these 
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techniques are time consuming and require specialized and expensive equipment in addition 

to high computational demands dealing with large amount of data. In addition, although 

spacial resolution of X-ray computed tomography improved over the last years, resolution is 

still too low in order to resolve the structures of VFMs.  

Similar to the determination of PSDs, solute retention experiments can also provide 

information on the PSG. Using monodispersed, fluorescently-labelled bacteriophages, it was 

observed by confocal scanning laser microscopy that these particles accumulate at a certain 

depth of a VFM (Fig. 8) [74–76].  

 

 

Fig. 8. Cross-section of a VFM after filtration with a feed containing fluorescently-labelled 

bacteriophage PP7 adapted from [74]. The image was obtained by confocal scanning laser 

microscopy and shows accumulated PP7 mostly in a distinct membrane section in the lower 

half of the membrane. The white arrow indicates the flow direction in the membrane. 

 

As the pore size narrows towards the filtrate-side of a typical VFM, particles are efficiently 

retained when the pores sizes become similar or smaller than the size of the particle. Thereby, 

information is gained on the pore size at this depth of the membrane. Besides investigation of 

virus retention mechanisms, using viruses for structural characterization of membranes has 

several disadvantages. Viruses have to be handled with increased precaution (e.g. biosafety 

level facility). For variation of virus sizes, which is a necessity for determining the PSG, different 

virus species have to be used. Virus species can also differ with respect to their surface 

properties, which can result in interfering adsorptive retention [77,78]. 

Using rigid and spherical model particles of non-biological origin, such as GNPs, has the 

advantage that such particles are available in a broad size range having the same or different 

surface properties if needed. Limited to VFMs made from RC, GNPs of different size have 
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already been used to qualitatively describe the PSGs [16,17,48]. Within this studies cross-

sections of the VFMs were prepared after filtration with GNPs. Accumulation of GNPs at a 

certain depth of the membrane was observed, causing a local change of membrane colour 

and membrane composition, which was visible by light and electron microscopy. Relating 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 interaction can be a serious issue with other relevant materials such as 

PES, as already discussed for the determination of the PSD using GNPs.  

 

1.1.4 Virus retention mechanisms 

Although it is now well accepted that virus retention is dominated by size exclusion, other 

factors than virus size and PSD might contribute to the overall level of retention [4]. In general, 

factors are manifold and can be categorized by VFM-, feed stream- and process-related. A 

summary of factors influencing virus retention is given in Table II. 

 

Table II. Summary of factors potentially influencing virus retention. 

VFM-related Feed stream-related Process-related 

PSD virus size mode of filtration (dead-end, 
TFF) 

PSG virus surface (charge, 
hydrophobicity, ...) 

transmembrane pressure / 
flow rate 

membrane orientation virus concentration flow interruptions (number, 
duration) 

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

surface chemistry (charge, 
hydrophobicity, ...) 

ionic strength  

surface roughness product size  
 product surface (charge, 

hydrophobicity, ...) 
 

 additives (surfactants, ...)  
 

To substantiate size exclusion as main retention mechanism, Peinador et al. observed that 

virus retention correlates with the maximum pore diameter, which they determined by using 

LLDP [34]. Furthermore, Giglia et al. predicted LRVs of commercial and non-commercial VFMs 

for different sized viruses based on LLDP data taking account of the entire PSD [27]. Good 
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correlation between predicted and measured virus retention was found for convection-

dominated flow conditions during virus filtration.  

In contrast to retention mechanisms of soft pathogens such as mycoplasma or common 

bacteria using microfiltration membranes, 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 pressures [51]. 

However, it has been shown that virus retention can additionally be influenced by other 

mechanisms, which are feed stream- and process-related. Flux decay as a result of fouling, 

caused by either product-related foulants or by the virus spike, was shown to have a very 

significant negative impact on the virus retention of the first-generation VFMs [32,79]. This 

observation was explained by selective pore plugging of the small retentive pores deviating 

the convective flux into larger non-retentive pores [79]. Kreil et al. investigated the impact of 

antibody-virus interaction on the virus retention of 35 nm VFMs [80]. The authors observed a 

significant virus reduction for a 20 nm B19V parvovirus by 5 log10 during a pre-filtration step 

using a 0.1 µm 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 attributed to non-specific electrostatic interactions between membrane and virus 

as well as between product molecule and virus [76,81]. 

Furthermore, it has been first published in 2011 that flow interruptions (FIs) can reduce virus 

retention levels of VFMs [82]. Since then, it has repeatedly been observed that the virus 

retention for different types of VFMs decreased, when the filtration was resumed after a 

temporary FI [60,75,83]. Depending on the VFM and the experimental conditions applied in 

these studies, the virus concentrations in the filtrate fraction directly after the FI were found 

to be 10 to 1000-fold higher after a temporary FI. However, in most cases the decreased level 

of retention was reversible and recovered for later fractions [75,76,84–86]. From 

mechanistical perspective it is assumed that the decreased level of virus retention results from 

Brownian motion of the virus particles during the FI or under low flow conditions [87,88]. 

Under normal flow conditions, the virus particles are forced through the pore network until 

reaching pores small enough to be capable of size exclusion (Fig. 9 A)). Virus particles are 

constrained to these retentive pores by the convective flow, reducing their mobility based on 

diffusive movement (Fig. 9 B)). In contrast, under low or no flow conditions, the constraint of 
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captured particles to the retentive pores is reduced or lacking completely, resulting in a 

diffusive movement that allows previously retained virus particles to cover a certain distance 

within the pore network (Fig. 9 C)). Due to the log-normal PSD of the membrane, these virus 

particles have a certain chance to reach larger non-retentive 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 constrained to these. The smaller share of virus particles that 

had reached non-retentive pores can pass through these further downstream into the VFM 

until either being re-captured in a deeper zone or even transmitted through the membrane, 

leading to a higher virus concentration in the filtrate. 

 

 

Fig. 9. Schematic illustrations of virus particles in a porous medium such as a VFM at normal 

(long blue arrows) and low/no (short blue arrow) flow conditions adapted from [87]. A) Virus 

particles moving under normal flow conditions into a small, retentive pore (left particle) and 

through a larger non-retentive pore (right particle). B) Virus particle constrained to a retentive 

pore due to high convective flow. C) Previously retained virus particle from B) can move back 

in porous network under low/no flow condition due to Brownian motion resulting in an 

additional chance to reach a non-retentive pore. 

 

A diffusion-based mechanism of virus reorganization during a FI is further supported by 

observing impacts of solution viscosity [85,88] and the duration of the FI [85] 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 product molecule [76]. 

It is assumed that attractive electrostatic interactions between the virus and the inner 

membrane surface could cause an additional constrain for virus particles. 

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

shown significant differences in retention performance and robustness [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 retention contributes to patient safety of drugs, 

fouling robustness reduces the expenditure of time and money for process development and 

improves the economics of this unit operation carried out by a single-use approach. In contrast 

to unit operations employing multi-use filtration membranes, such as ultrafiltration, improved 

fouling robustness can significantly reduce the required amount of membrane area and lower 

the costs for consumables. 

IgG-type antibodies, a major class of biopharmaceutical molecules to which most of the 

commercial monoclonal antibodies belong and which are the main component of IVIG [92], 

exhibit hydrodynamic diameters of 9-12 nm for aggregate free solutions [5]. VFMs, which are 

expected to transmit such product molecules by > 95 %, are reported to have only slightly 

larger mean pore diameters of 12-17 nm [27]. Typical product related membrane foulants, e.g. 

protein aggregates, often are in the size range of parvoviruses and effectively foul the 

membrane due to pore blocking. Studies of Barnard et al. using monoclonal antibodies 

revealed that trace amounts of protein aggregates (1x10-4 % of the total mass of protein in 

solution) in the size range of 20-40 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 IgG-type monoclonal antibodies to be 16-23 nm with respect to their hydrodynamic 

diameter, which is very similar to the reported size range for parvoviruses [93].  

Although obvious that fouling can originate from size exclusion of larger foulants, fouling by 

adsorptive mechanisms is also often discussed for membranes applied for biopharmaceutical 

processes [25,94–98]. Bolton et al. found the fouling species of IVIG to consist “of monomeric 

IgG variants containing more exposed hydrophobic surfaces” rather than aggregated IgG 

molecules, which was further supported by Villain [94,99]. 

Furthermore, shear stress caused by laminar flow distribution within the pore structure is 

hypothesized to induce denaturation/aggregation of proteins contributing to fouling [25]. 

Scientific results on that matter are very rare and limited to microfiltration membranes, 

indicating a higher relevance of interaction of proteins with the membrane surface causing 

denaturation/aggregation [98]. Even if non-membrane-related, simplified model systems (e.g. 

stir bar in solution, mixer, Couette cell) for generating sheer stress are used, results are 
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inconclusive between the different studies on whether denaturation/aggregation was caused 

by sheer stress and/or interaction with other surfaces [100–105]. In addition, concentration 

polarization phenomena leading to a decreased permeability with increased driving force, 

mostly known from UFMs, were also reported for VFMs [21,63,106]. Other smaller impurities 

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

to the membrane [107].  

One strategy to maximize the throughput 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 purity (Fig. 3) [22]. Another strategy involves the specific optimization of 

the unit operations upstream of the virus filtration to further reduce impurities [108]. 

Adsorptive pre-filters exist that have proven to significantly reduce fouling of VFMs [64,93,94]. 

Such filters can remove foulants by either hydrophobic or electrostatic interaction. 

From membrane manufacturer’s perspective, development of VFMs achieving high fouling 

robustness involves a twofold strategy. For one part of the strategy, the membrane surface 

(including inner and outer surface) has to be rendered inert towards attractive interactions 

with feed components, so that accumulation of certain species from the feed stream and pore 

plugging is reduced. This can be achieved already by selection of low interacting base materials 

like RC [109] or by means of surface modification of higher interacting base materials such as 

PES [96,110–112]. For further reading, numerous publications can be found dealing with anti-

fouling surface modification of membranes [26,113–115]. More specifically, surface 

modification in context of VFMs was investigated by L. Villain [99]. For the other part of the 

strategy, structural optimization of the VFMs is involved. Therefore, special focus is paid on 

the PSG, utilizing the membrane structure to act as a depth pre-filter to protect the SAL from 

foulants (cf. section 1.1.3). 
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1.2 Summary of gaps in current scientific knowledge 

Due to the proprietary nature of the manufacturing processes of commercial VFMs, each 

membrane type is unique, differing with respect to the PSD, PSG and surface chemistry [4]. As 

a result, also broad variations with respect to application performance such as virus retention 

and fouling robustness have been observed [32,75,109,116]. Therefore, a deeper 

understanding between membrane properties and application performance is of high 

importance in order to develop the next generation of robust high performance VFMs. 

In general, published investigations focusing on membrane properties and/or application 

performance of VFMs are often limited to a smaller set of commercial membranes and seldom 

include non-commercial variations. Hence, holistic insights spanning the wide variety of 

properties that commercial VFMs already exhibit are very rare. Deduction of universal trends 

from different publications is often not feasible and/or outcomes not conclusive, which can 

be a result from very individual experimental conditions between the studies such as 

compositions of feed streams or virus spike.  

 

Briefly, the gaps in the current scientific knowledge on VFMs and their application can be 

divided into the lack of 

 methods for quantitative structural characterization of PSDs and PSGs that are 

independent of the membrane surface chemistry and other membrane properties, 

 holistic understanding of virus retention mechanisms as function of VFM-, feed 

stream- and process-related properties and 

 understanding of fouling mechanisms and their relation towards PSGs. 

 

As discussed in section 1.1.3, a variety of techniques exists (e.g. porometry/porosimetry, SEM, 

solute retention) that are capable to quantitatively determine PSDs of porous membranes. So 

far, broad applicability of these methods towards VFMs is limited by factors that are 

depending e.g. on the membrane material/surface chemistry, PSGs and sample preparation, 

rendering these techniques not necessarily to correlate with virus retention. Size exclusion-

based GNP retention experiments, being close to application mode of operation, are 

successfully applied for RC membranes [16,48,53], which show no significant attractive 

interactions, while attractive interactions interfere with PSD determination for other 

membrane materials/surface chemistries [43,47,49,55,56].  
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A very similar gap exists for the quantitative determination of PSGs where existing techniques 

suffer from major drawbacks. Image analysis of TEM/SEM images is prone to generation of 

artefacts during sample preparation and also requires harsh simplifications with respect to the 

definition of the pore size, often causing overestimation of pore sizes [67,69]. X-ray computed 

tomography, having the necessary resolution, is very time consuming, low throughput and 

requires expensive equipment [70,71]. Estimations of pore sizes across the thickness of the 

membrane by localization of retained particles/solutes of defined size are often aggravated 

by adsorptive retention and therefore results are mostly limited to membranes made of RC 

[16,17,48]. 

Virus retention as most important application performance characteristic is investigated in 

numerous studies, focusing mostly on different feed compositions and effects of FI. With 

respect to membrane properties, these studies typically use commercial VFMs without deeper 

consideration and characterization of membrane properties. For instance, the root cause for 

the lack of virus retention robustness of the first generation of VFMs is poorly understood. 

Also, adsorptive contributions by the VFM towards the retention under normal flow 

conditions and after FI have not been investigated so far. Holistic studies investigating a larger 

number of parameters and quantifying their impact by statistical means, even determining 

possible interactions between parameters, are rare. 

Besides virus retention, fouling robustness is of high importance for the economy of the unit 

operation. Very little has been published on improvement of fouling robustness of VFMs by 

means of membrane development. However, it was pointed out by several studies that the 

porous structure of VFMs located between the feed facing site and the SAL acts a depth pre-

filter protecting the more sensitive SAL from foulants [62,63]. So far, no studies investigated 

the depth pre-filter structure in more detail, especially with respect to the PSG. In addition, 

studies determining the fouling mechanism and identifying the fouling species of IVIG, found 

subsets of more hydrophobic and monomeric IgG antibodies to be the cause for fouling rather 

than IgG aggregates [94,99]. The study by Villain applied fractionation by hydrophobic 

interaction chromatography (HIC) in combination with size 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 hypothesized that reversible aggregates 

could be disrupted during SEC and therefore not detected properly. A more recent 

investigation by Rayfield et al. using dynamic light scattering (DLS) to characterize feed 
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streams for virus filtration indicated that DLS might be more predictive towards identifying 

fouling feed streams than classical SEC (without inline DLS detector) due to its high sensitivity 

towards detection of aggregated species in their native environment [117]. 
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2 Scope of the research 

 

The present thesis focuses on improving the understanding of the mode of operation of VFMs. 

As first objective, analytical techniques were developed that are capable of determining 

structural membrane properties in a quantitative manner, overcoming the drawbacks of 

existing techniques such as low applicability towards a broad range of membrane 

materials/surface chemistries. Due to the size exclusion based principle of operation, special 

focus was paid on analysis of structural membrane properties, especially with respect to the 

PSD and the PSG. For this purpose, a technique based on the retention of different sized GNPs 

was adapted from literature and its applicability extended towards other membrane materials 

than RC. As commercially available VFMs exhibit a high diversity regarding pore structures and 

materials/surface chemistries, a broad panel of these membranes was selected for the 

structural investigations complemented by additional UFMs and model VFMs. 

As second objective, these membranes were characterized by their virus retention 

performance using bacteriophage PP7 and well as by their fouling robustness using IVIG. In 

greater depth, the fouling mechanism of IVIG, including the identification of the fouling 

species, was elucidated. Furthermore, virus retention performance was evaluated in context 

of PSDs, while fouling robustness was evaluated in context of PSGs providing mechanistical 

insights. Paper 1 (cf. section 3.1) focuses on determination of PSDs and virus retention and 

paper 2 (cf. section 3.2) on PSGs and fouling, respectively.  

As third objective, in paper 3 (cf. section 3.3) virus retention mechanisms were investigated 

within a holistic, DoE-based approach as a function of membrane characteristics, solution and 

process conditions. A unique feature of this study is the use of model VFMs having specifically 

designed PSDs and protein binding capacities as measure for the interaction of proteins with 

the membrane, which is presumably also valid for the interaction between non-enveloped 

viruses and the membrane. Besides the solution characteristics pH, salt 

concentration/conductivity and protein concentration, also the absence/presence of FI has 

been examined. Furthermore, filtration results are supported by biophysical characterization 

of the virus and non-virus containing feed streams with respect to particle size distributions. 
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3 Publications 

3.1 Determination of pore size distributions of virus filtration membranes 

using gold nanoparticles and their correlation with virus retention 

(paper 1) 

 

 

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) 289–301.  

 

doi: 10.1016/j.memsci.2017.03.043. 
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Supplementary material 

A1. Size characterization of gold nanoparticles 

DCS. For further characterization of particle sizes, differential centrifugal sedimentation (DCS) 

using a disc centrifuge DC 24000 (CPS Instruments Europe, Netherlands) was used. A density 

gradient was established by successive injections of 1.6 mL of 9 aqueous sucrose solutions 

(ranging from 24 to 8 wt%). To improve long-term stability of the density gradient, 0.5 mL 

dodecane was injected. After thermal equilibration of the centrifuge, measurements using 

100 µL sample volumes were carried out against a calibration standard consisting of poly(vinyl 

chloride) particles of 476 nm at 24.000 rpm. The wavelength of the laser was 470 nm. Size 

calculation for the GNPs was based on assuming the density of gold (19.38 g/cm³ [1]). 

UV-Vis. Additionally GNP size was estimated from optical properties measured by UV-Vis 

spectroscopy using an Infinite 200 Pro (Tecan, Switzerland) spectrophotometer according to 

the method of Haiss et al. [2]. The absorbancies at 450 nm 𝐴450   and at the particle size 

dependent maxima of the surface plasmon resonance 𝐴SPR are measured. The particle size is 

calculated by the following equation using empirically determined parameters B1 = 3.00 and 

B2 = 2.20 [2].  

𝑑UV-Vis = exp (𝐵1

𝐴SPR

𝐴450
− 𝐵2) 

Dispersity. Besides determination of the mean particle diameter dparticle, the dispersity index 

Đ was calculated using the standard deviation �̂�particle of the particle size distributions  

Đ = (
�̂�particle

𝑑particle
)

2

 

[1] W.M. Haynes, D.R. Lide, T.J. Bruno, CRC Handbook of Chemistry and Physics, 93rd ed., 

CRC Press, Boca Raton (FL, USA), 2012. 

[2] W. Haiss, N.T.K. Thanh, J. Aveyard, D.G. Fernig, Determination of Size and Concentration 

of Gold Nanoparticles from UV-Vis Spectra, Anal. Chem. 79 (2007) 4215–4221. 
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Fig. S1. Mean particle diameters provided by the manufacturer (nominal) and measured by 

DCS, DLS and UV-Vis plotted versus mean particle diameters measured by TEM as reference 

method. Red lines represent linear fits with the slope m and the intercept b. 
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Fig. S2. Hydrodynamic diameters of GNP batch 10 with different SDS concentrations obtained 

by DLS. Error bars represent standard deviations from triplicate measurements. 

 

 

Fig. S3. Dispersity indices calculated from manufacturer’s specifications (nominal) and from 

TEM, DCS and DLS plotted against mean particle sizes measured by TEM. Data sets were 

additionally fitted to cubic functions (solid lines) as eye guiding lines. 
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A2. SDS concentration dependence of flux profiles with VF4 

 
Fig. S4. Flux profiles of filtrations with SDS solutions having different concentrations using VF4. 

 

 

A3. Cross-section of GNP challenged VF3 

 
Fig. S5. SEM image (back-scattering detector) of VF3 showing the cross section after filtration 

with GNP (20 nm nominal diameter) in the absence of SDS. Side facing feed = bottom left. 

Black arrow shows the position of GNPs (white band) being located mainly in the interior of 

the membrane cross section.  
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3.2 Determination of pore size gradients of virus filtration membranes using 

gold nanoparticles and their relation to fouling with protein containing 

feed streams (paper 2) 

 

 

P. Kosiol, M.T. Müller, B. Schneider, B. Hansmann, V. Thom, M. Ulbricht, 

 

Determination of pore size gradients of virus filtration membranes using gold 

nanoparticles and their relation to fouling with protein containing feed 

streams, 

 

J. Memb. Sci. 548 (2018) 598–608. 

 

doi: 10.1016/j.memsci.2017.11.048. 
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Supplementary material 

Fractionation of IVIG by HIC 

 

Fig. S1. Fractionation of IVIG by HIC. The elution profile (solid black line) showing three peaks 

(F1-F3) corresponding to fractions that were captured separately as a consequence of a 

stepwise increase of the concentration of the elution buffer (dashed red line). 

  



 3  Publications 

60 
 

Correlation of the depth pre-filter volume per filter area with IVIG throughputs 

 
Fig. S2. Plot of protein mass throughputs with IVIG (5 g/L) as model protein at 37 % flux decline 

as a function of the depth pre-filter volumes per filter area for the complete set of membranes 

in this study. The depth pre-filter volume corresponds to the total membrane volume 

upstream of 𝑥max(~20 nm GNP). 
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3.3 Investigation of virus particle retention by size exclusion membranes 

under different flow regimes (paper 3) 
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Abstract: Virus removal by filter membranes is regarded as a robust and efficient unit 

operation, which is frequently applied in the downstream processing of biopharmaceuticals. 

The retention of virus particles by virus filtration membranes is predominantly based on size 

exclusion. However, recent results using model membranes and bacteriophage PP7 as model 

virus point to the fact that virus retention can also significantly be influenced by adsorptive 

interactions between virus particles, product molecules and membranes. Furthermore, the 

impact of flow rate and flow interruptions on virus retention have been studied and 

responsible mechanisms discussed. The aim of this investigation was to gain a holistic 

understanding of the underlying mechanisms for virus particle retention in size exclusion 

membranes as a function of membrane structure and membrane surface properties, as well 

as flow and solution conditions. The results of this study contribute to the differentiation 

between size exclusion and adsorptive effects during virus filtration, and confirm and broaden 

the current understanding of mechanisms related to virus breakthroughs after temporary flow 

interruptions. Within the frame of a Design of Experiments approach it was found that the 

level of retention of virus filtration membranes was mostly influenced by the membrane 

structure during typical process-related flow conditions. The retention performance after a 

flow interruption was also significantly influenced by membrane surface properties and 

solution conditions. While size exclusion was confirmed as main retention mechanism, the 

analysis of all results suggests that especially after a flow interruption virus retention can be 

influenced by adsorptive effects between the virus and the membrane surface. 

 

Keywords: virus filtration, virus retention, pressure release, flow interruption, diffusive 

movement 
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1. Introduction 

 

The inactivation or removal of potential viral contaminants is an obligatory step in 

downstream processing of biologically or biotechnologically derived drugs such as monoclonal 

antibodies, recombinant proteins or plasma-derived products (PDA, 2008; Shukla and Aranha, 

2015). Regulatory authorities like the FDA require for a downstream process at least two 

orthogonal methods to remove or inactivate viruses in order to increase the biological product 

safety (Marichal-Gallardo and Álvarez, 2012; Wieser et al., 2015). Unit operations such as virus 

inactivation by low pH treatment have limited efficacy against non-enveloped viruses 

(Marichal-Gallardo and Álvarez, 2012; World Health Organization, 2004). Chromatography 

based unit operations such as ion-exchange chromatography lack robustness with respect to 

process conditions and efficacy can be highly dependent on the virus species (Marichal-

Gallardo and Álvarez, 2012; World Health Organization, 2004). In contrast, virus filtration 

using size exclusion based filters is known as an effective and robust unit operation for virus 

clearance (Marichal-Gallardo and Álvarez, 2012). 

Size exclusion based virus filtration membranes (VFM) have a complex internal pore network, 

which is capable of transmitting product molecules that are smaller than 15 nm on a 

quantitative basis. Small virus particles in the size range of Parvoviridae (18-24 nm) and all 

larger viruses, a range which covers the majority of relevant virus species, are retained by at 

least 99.99 % (log10 reduction value (LRV) > 4), mainly by size exclusion (Miesegaes et al., 2013; 

Ray and Dolan, 2011). This selectivity is achieved by a defined pore size distribution, which can 

typically be well described by a log-normal distribution function (Giglia et al., 2015; Kosiol et 

al., 2017; Zydney et al., 1994). Peinador et al. observed that virus retention correlates with the 

maximum pore diameter, which they determined by using liquid-liquid displacement 

porometry (LLDP) (Peinador et al., 2011). Furthermore, Giglia et al. predicted LRVs of 

commercial and non-commercial VFM for different sized viruses based on LLDP data taking 

account of the entire pore size distribution (Giglia et al., 2015). Good correlation between 

predicted and measured virus retention was found for convection-dominated flow conditions. 

In contrast to retention mechanisms of soft pathogens such as mycoplasma or common 

bacteria using microfiltration membranes, where deformation of the pathogen at high 

transmembrane pressure was found to be a cause for pathogen breakthrough, viruses such as 
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bacteriophage PP7 exhibit a magnitudes higher stiffness preventing virus breakthrough at 

elevated transmembrane pressures (Helling et al., 2017). 

However, it has been shown that virus retention can additionally be influenced by other 

mechanisms, which are dependent on flow and solution conditions. Flux decay as a result of 

fouling, caused by either product-related foulants or by the virus spike, was shown to have a 

very significant negative impact on the virus retention of the first-generation VFM (Bolton et 

al., 2005; Lute et al., 2007). This observation was explained by selective pore plugging of the 

small retentive pores deviating the convective flux into larger non-retentive pores (Bolton et 

al., 2005). More recently, a study was published investigating the pore size distributions of a 

broad set of commercial VFM (Kosiol et al., 2017). In this study it was shown that first-

generation VFM typically exhibit broad pore size distributions, where the maximum pore size 

is significantly larger than observed in  the second-generation VFM, which are generally more 

robust with respect to retention in general as well to retention at higher flux decays (Chen and 

Chen, 2016). 

Kreil et al. investigated the impact of antibody-virus interaction on the virus retention of 

35 nm VFM (Kreil et al., 2006). The authors observed a significant virus reduction for a 20 nm 

B19V parvovirus by 5 log10 during a pre-filtration step using a 0.1 µm 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 attributed to non-specific 

electrostatic interactions between membrane and virus as well as between product molecule 

and virus (Dishari et al., 2015a; Strauss et al., 2017). 

Furthermore, it has been first published in 2011 that flow interruptions (FI) can reduce virus 

retention levels of VFM (Asper, 2011). Since then, it has repeatedly been observed that the 

virus retention for different types of VFM decreased when the filtration was resumed after a 

temporary FI (Dishari et al., 2015b; Hansmann et al., 2013; Hongo-Hirasaki, 2015). Depending 

on the filter and the experimental conditions applied in these studies, the virus concentrations 

in the filtrate fraction directly after the FI were found to be 10 to 1000-fold higher after a 

temporary FI. However, in most cases the decreased level of retention was reversible and 

recovered for later fractions (Dishari et al., 2015a; Dishari et al., 2015b; Lacasse et al., 2013; 

LaCasse et al., 2016; Woods and Zydney, 2014). It is assumed that the decreased level of virus 

retention results from Brownian motion of the virus particles during the FI or under low flow 

conditions (Trilisky and Lenhoff, 2009; Yamamoto et al., 2014). Under normal flow conditions, 
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the virus particles are forced through the pore network until reaching pores small enough to 

be capable of size exclusion. Virus particles are constrained to these retentive pores by the 

convective flow, reducing their mobility based on diffusive movement. In contrast, under low 

or no flow conditions, the constraint of captured particles to the retentive pores is reduced or 

lacking completely resulting in a diffusive movement that allows previously retained virus 

particles to cover a certain distance within the pore network. Due to the log-normal pore size 

distribution of the membrane, these virus particles have a certain chance to reach larger non-

retentive 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 constraint to these. 

The smaller share of virus particles that had reached non-retentive pores can pass through 

these further downstream into the VFM until either being re-captured in a deeper zone or 

even transmitted through the membrane, leading to a higher virus concentration in the filtrate. 

A diffusion-based mechanism of virus reorganization during a FI is further supported by 

observing impacts of solution viscosity (LaCasse et al., 2016; Yamamoto et al., 2014) and the 

duration of the FI (LaCasse et al., 2016) 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 product molecule (Dishari et al., 2015a). It is assumed that 

attractive electrostatic interactions between the virus and the inner membrane surface could 

cause an additional constrain for virus particles. 

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

shown significant differences in retention performance and robustness (Dishari et al., 2015b; 

Kosiol et al., 2017; Lacasse et al., 2013; LaCasse et al., 2016; Lute et al., 2007). Due to the 

proprietary nature of the manufacturing processes of these VFM, each membrane type is 

unique, differing with respect to pore size distribution (Kosiol et al., 2017), pore size gradient 

(Kosiol et al., 2018) and surface chemistry. This complexity makes conclusions on membrane-

related impact factors concerning retention behavior difficult. Very few studies are available 

focusing on the membrane properties especially considering the effect of FI on virus retention. 

In order to gain a holistic picture of the underlying mechanisms for virus retention by size 

exclusion membranes, a Design of Experiments (DoE) approach was chosen. Virus filtration 

experiments using Pseudomonas aeruginosa bacteriophage PP7, an accepted size-based virus 

model for polio- and parvovirus retentive membranes (Aranha-Creado and Brandwein, 1999; 
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PDA, 2008), were conducted. In contrast to previous studies, a wider range of parameters was 

studied. Model VFM were prepared to investigate membrane-related parameters like the 

maximum pore diameter and membrane surface properties, described by the measured 

differences in protein binding capacity. Different feed solutions were used in order to study 

the impact of solution-related properties like pH, conductivity and protein concentration. 

From each individual filtration run the LRV was determined before and after a FI for the 

purpose of involving an important process-related parameter to this study. Both datasets 

were analyzed separately to determine the significance and the effect strength for each 

parameter during a typical convective flow condition and shortly after a FI. Furthermore, the 

presence of significant interactions between parameters was determined.  

 

2. Materials and methods 

2.1. Study design 

 

A DoE approach was applied in order to comprehensively determine the impact of various 

parameters on the virus retention behavior of VFM. The investigated parameters are 

summarized in Table I and include the solution conditions pH, conductivity and protein 

concentration as well as the membrane properties protein binding capacity and maximum 

pore diameter. 

 

Table I. Parameters, parameter ranges and responses evaluated for virus filtration 

experiments. 

Parameter Abbreviation Range 

pH pH 5.5 – 9.0 

Conductivity [mS/cm] cond 3.5 – 16.5 

Protein concentration [g/L] PConc 0 – 0.5 

Protein binding capacity [mg/cm³] PBCap 2.9 – 6.4 

Maximum pore diameter [nm] MPDia 26.2 – 33.6 

   

Response Abbreviation  

Virus retention before a FI Initial LRV  

Virus retention decrease after a FI LRV decay  
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The evaluated responses are the virus retention before a FI (“initial LRV”) and the potential 

decrease in virus retention right after a FI (“LRV decay”). A 25 full factorial study design with 

additional experiment conditions for mid-range pH was selected as depicted in Table SI 

(supporting information) comprising a total of 44 different experimental conditions with 164 

individual filtration runs.  

Data were analyzed with Umetrics MODDE Pro 12 (Sartorius Stedim Data Analytics AB, 

Sweden) by using a multiple linear regressions (MLR) approach in order to determine effect 

strengths of the parameters and possible interactions. Model quality is evaluated by 

calculation of the coefficient of determination (R²) and coefficient of prediction (Q²), both 

measures for the goodness-of-fit. R² < 0.5 represents a mode with a rather low significance. 

Q² > 0.1 indicates a potentially significant model, values Q² > 0.5 are considered a good model. 

Confidence intervals were set to a confidence level of 95 %. 

 

2.2. Membranes 

 

All filtration experiments were performed using model flat sheet polyethersulfone VFM in a 

single layer configuration. In contrast, commercial flat sheet virus filters consist of two to three 

membrane layers. Commercial VFM often show a high level of retention above the upper 

detection limit of the plaque assay used for virus quantification. Overall, virus retention 

performance of the model membranes was lower compared to commercial VFM in order to 

assess the effects of the parameters investigated well within the detection limits of the plaque 

assay. 5 cm² membrane discs were housed into Minisart® devices (Sartorius, Germany). A 

major focus of the present study is the mechanistic investigation of the impact of membrane 

properties including their pore structure and their surface. While the membrane structure is 

represented by the maximum pore diameter, the membrane surface property is characterized 

by its protein binding capacity, which is a measure for its interaction with proteins. The 

exterior surface of non-enveloped viruses also consists of a protein capsid, so that the protein 

binding capacity is assumed to be also a measure for the interaction between the membrane 

surface and non-enveloped viruses. A strategy facilitating the investigation of both of these 

membrane properties was implemented by utilizing a proprietary membrane casting process 

to generate two base membranes having different maximum pore diameters, but similar low 

protein binding capacities (1a and 2a, Table II). The inner and outer surface of some of these 
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base membranes was altered by a proprietary procedure, which is able to remove a minor 

share of the hydrophilizing agent from the membrane surface and rendering these 

membranes more adsorptive (1b and 2b, Table II). This procedure allowed to obtain 

membranes with a significantly higher protein binding capacity, while maintaining the 

structural properties of the base membranes, as indicated by the maximum pore diameter 

and the buffer permeability, both after surface modification. 

 

Table II. Membranes used for the DoE study and their properties. 

Membrane Buffer permeability 

[Lm-2h-1bar-1] @ 20 °C 

Protein binding 

capacity [mg/cm³] 

Maximum pore 

diameter [nm] 

pI  

1a 155 ± 9 2.9 ± 0.1 27.3 ± 0.1 < 4 

1b 150 ± 12 6.3 ± 0.5 26.2 ± 0.7 < 4 

2a 187 ± 9 3.0 ± 0.2 33.6 ± 1.5 < 4 

2b 170 ± 7 6.4 ± 0.3 32.6 ± 0.1 < 4 

 

Apart from the model VFM used in the DoE study, additional filtration experiments using 

commercial second-generation VFM were conducted for a variety of solution conditions 

adopted from the DoE study. For this purpose Virosart® CPV (545VM----------B), Virosart® HC 

(539VM----------B) and Virosart® HF (3VI--28-BCGMLITV) 5 cm² down-scale devices from 

Sartorius (Germany) were used. 

 

Protein binding capacity 

Protein binding capacities of all model VFM were determined by utilizing a bicinchoninic acid 

(BCA) assay (Pierce™ BCA reagent kit, ThermoFisher Scientific, Germany). 10 mm disc samples 

of the VFM were placed in a 48-well plate (Greiner Bio-One, Austria). 200 µL of 3 g/L human 

intravenous immunoglobulin (IVIG) from SeraCare Life Sciences (USA) in 20 mM potassium 

phosphate at pH 7.0 were added to each well. After static incubation overnight at room 

temperature, VFM samples were washed three times with 20 mM potassium phosphate at 

pH 7.0. The BCA assay solution was prepared by mixing BCA reagents A and B 50:1 (v/v). 

300 µL BCA assay solution were added to each well and incubation was carried out for 1 h at 

room temperature. 200 µL solution from each well were transferred to a new 48-well-pate. 
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Absorbance at 562 nm was measured using a well-plate compatible Infinite M2000 

spectrophotometer (Tecan, Switzerland). 

 

Maximum pore diameter 

LLDP was applied to all model VFM as described by Kosiol et al. to determine pore size 

distributions (data not shown) (Kosiol et al., 2017). Maximum pore diameters were 

determined from the pore size distributions by numerical approximation of the cumulative 

distribution functions. The maximum pore diameter is defined as 99 % of the pores being 

smaller and 1 % being larger. 

 

Isoelectric point (pI) 

Zeta potentials of all model VFM were measured using a SurPASS™ elektrokinetic analyzer 

(Anton Paar, Austria) in the pH range from 4 to 10 based on a protocol by Lei et al. (Lei and 

Ulbricht, 2014). pI values were determined from plots of zeta potential vs. pH.  

 

2.3. Bacteriophage PP7 

 

Pseudomonas aeruginosa bacteriophage PP7 (ATCC 15692-B2), a small non-enveloped virus 

(pI 4.3-4.9 (Brorson et al., 2008)), was used as accepted standard model virus for investigation 

of retention properties of parvovirus retentive VFM (Lute et al., 2008; PDA, 2008). PP7 was 

propagated using Pseudomonas aeruginosa (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 (PDA, 

2008). 

 

2.4. Preparation of feed solutions 

 

A set of different buffers was used for the DoE study to determine the impact of solution 

conditions on virus retention. Buffers at pH 5.5 and 7.3 (20 mM potassium phosphate) and 

pH 9.0 (20 mM Tris-HCl) were adjusted to 3.5, 10 or 16.5 mS/cm by addition of sodium 

chloride. Buffer conditions were selected to represent a broad range of typical conditions 

while maintaining sufficient stability and infectivity of PP7. To examine the effect of proteins 
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that are present in biopharmaceutical feed solutions, an IVIG solution, which consists of 

pooled human immunoglobulin G, was purchased from SeraCare Life Sciences (USA). Feed 

solutions used for the DoE study contained either no or 0.5 g/L IVIG. Due to the filter fouling 

nature of IVIG, a low concentration of 0.5 g/L was chosen in order to exclude potentially 

extensive filter fouling from the investigation that could occur at certain solution conditions. 

PP7 stock solution was spiked to the feed solutions to obtain a phage titer of 107 plaque 

forming units (pfu) per mL. After addition of PP7 spike, the solutions were stirred for 20 min 

and pre-filtered through a 0.1 µm rated membrane (Sartorius, Germany) to remove 

aggregated phages. Subsequently, hold samples were taken and stored for the duration of the 

filtration experiments to assess any possible virus inactivation during that timeframe.   

 

2.5. Virus filtration experiments 

 

All filtration experiments were conducted in pressure-controlled mode using air-pressurized 

feed reservoirs as depicted in Fig. 1 A. Prior to phage filtration, all VFM were equilibrated with 

10 mL pure buffer at 2 bar (29 psi). After switching to phage containing feed streams, all 

filtrations were conducted at 2 bar (29 psi) and three permeate fractions were collected at 

each filtration.  
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Fig. 1. Illustration of the filtration set-up including the sequence of experimental steps (A) and 

depiction of a typical LRV profile of a single filtration experiment (B), visualizing the permeate 

fractions taken and their relation towards the DoE study observables “initial LRV” and “LRV 

decay”. 
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A pool sample was taken to yield a virus load of 5*1012 pfu/m² as first fraction. After taking 

the first fraction, the flow was interrupted by releasing the pressure (transmembrane pressure 

= 0 bar) for 15 min. This duration for the FI was determined in a pre-experiment using 

experimental condition 21 (Table SI, supporting information) under variation of the duration 

between 0.5, 1, 5 and 20 min (Fig. S1, supporting information). Longer durations than 15 min 

did not significantly increase the LRV decline. After re-pressurization of the feed reservoir to 

2 bar (29 psi), the first 5 mL were collected as second fraction. A larger third fraction was taken 

as pool sample to yield a virus load of 1013 pfu/m² to visualize the LRV recovery.  

Phage titers of all samples were determined by a pfu assay as described within the PDA 

Technical Report No. 41 – Virus Filtration (PDA, 2008). Virus retention performance was 

calculated for each fraction as log10 reduction value (LRV), which is the logarithmic ratio of the 

phage titer in the feed 𝐶𝑓𝑒𝑒𝑑 to the titer in the permeate 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒. 

 

LRV = log10

𝐶𝑓𝑒𝑒𝑑

𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
 

 

The LRV of the first fraction taken before the FI is defined as “initial LRV” and used as response 

for the DoE study (Fig. 1 B). The second response “LRV decay” is calculated as difference 

between the LRV of the first fraction before and the second fraction right after the FI, which 

is often termed as “pressure release” in virus filtration literature. 

 

2.6. Particle size measurements of PP7/IVIG solutions using dynamic light scattering (DLS) 

 

To obtain PP7 suspensions with suitable high titers and purities for DLS measurements, a 

polyethylene glycol (PEG) precipitation protocol according to Nguyen et al. (Nguyen et al., 

2011) was applied. Further, remaining PEG was removed by diafiltration using 50 kDa 

Vivaspin® 6 centrifugal concentrators (3,400 g for 15 min at 20 °C, Sartorius, Germany) and 

the individual target buffers as described in section 2.4. Two additional buffers at pH 4.5 

(20 mM sodium acetate), adjusted to 3.5 and 16.5 mS/cm by addition of sodium chloride, 

were used. In case of measurement of PP7 in presence of IVIG, the IVIG concentration was set 

to 1 g/L. IVIG solutions without PP7 were also measured at 1 g/L. In order to remove 
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potentially present large particle contaminants, the samples were filtered through a Minisart® 

RC4 0.2 µm syringe filter (Sartorius, Germany) prior to DLS measurements.  

DLS studies were conducted using a Zetasizer Nano ZSP (Malvern Instruments Ltd., UK). All 

samples were measured in single-use micro UV-cuvettes (Brand, Germany) after a thermal 

equilibration at 20 °C for 3 min. For each sample three measurement runs have been 

performed with a detection angle of 173° (backscattering). The measurement duration for 

each run was set to “automatic”. Data acquisition and analysis were conducted using the 

Zetasizer Software v7.11 accompanied to the DLS device. For data analysis, the method of 

cumulants for determination of the z-average hydrodynamic diameter has been applied. 

 

3. Results and discussion 

 

3.1 Virus retention without FI – initial LRV 

 

For the MLR analysis (cf. Section 2.1) of the initial LRV a good model was obtained as indicated 

by R² = 0.65 and Q² = 0.61 (Fig. 2). Two parameters were found to be significant: pH and 

maximum pore diameter. Also, two significant interactions were found: pH and protein 

concentration (pH*PConc) as well as protein binding capacity and protein concentration 

(PBCap*PConc). Parameters or interactions between two or more parameters are considered 

to be significant, when their error bars do not include zero.  
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Fig. 2. MLR model coefficient plot for the initial LRV as response. The parameters are the pH, 

the conductivity (cond), the protein concentration (PConc), the protein binding capacity 

(PBCap) and the maximum pore diameter (MPDia). The interactions identified are the 

interaction between pH and protein concentration (pH*PConc) and the interaction between 

protein binding capacity and protein concentration (PBCap*PConc). Significance of the model 

is supported by R² = 0.65 and Q² = 0.61. 

 

As expected for a VFM mainly working by size exclusion, the maximum pore diameter was 

found to have a strong negative impact on the initial LRV as already observed by a previous 

study (Peinador et al., 2011). Typically, log-normal distributions are used to describe pore size 

distributions of porous membranes (Zydney et al., 1994). For homologous membranes 

obtained from the same material with the same manufacturing process just by variation of 

manufacturing parameters, as the maximum pore diameter increases, the whole pore size 

distribution shifts to larger values. This results in an increased fraction of larger, non-retentive 

pores, reducing the initial LRV. 

An increase in pH yields a lower initial LRV indicating the relevance of electrostatic interactions 

for the level of retention. A comprehensive discussion of the electrostatic interactions 

requires the consideration of all components involved, such as the phage itself, the protein 

present in the feed as well as the membrane.  

The electrostatic charges of these components are summarized in Table III for the pH 

conditions of the DoE study and additionally for pH 4.5, a pH close to the pI of PP7. As can be 

seen, within the pH range of the DoE study the charge of the bacteriophage PP7 was always 

negative. In addition, the VFM applied in this study, having pIs < 4, were always negatively 
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charged. The model protein IVIG consists of polyclonal antibodies of different donors and 

therefore exhibits a broad range of pIs between 6 and 9 (data not shown), rendering the 

majority of antibody species positively charged at pH 5.5, mostly uncharged or positively 

charged at pH 7.3 and mostly negatively charged at pH 9.0. 

 

Table III. Overview of pI values and charge states of the major components of the DoE study: 

the bacteriophage PP7, the membranes and the model protein IVIG. 

Component pI pH 

  4.5* 5.5 7.3 9.0 

PP7 4.3 – 4.9 0 - - - 

Membranes < 4 - - - - 

IVIG 6 – 9 + + +/0 - 

-: negative net charge 
0: neutral net charge 
+: positive net charge 
*: not included in DoE study 

 

DLS experiments of PP7 suspensions in absence and in presence of IVIG were conducted to 

provide experimental proof for aggregation during conditions of the DoE study (Fig. 3). 

Typically, results provided by DLS overestimate the mean particle size compared to other 

techniques, e.g. based on microscopy, due to higher weighing of the larger species present in 

the sample rendering DLS to be very sensitive towards detection of aggregated species.  
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Fig. 3. Hydrodynamic (z-average) diameters determined by DLS for PP7 suspensions (A), IVIG 

solutions (B) and PP7 suspensions in presence of IVIG (C). Solution conditions were examined 

for pH 4.5, 5.5, 7.3 and 9.0 and solution conductivities of 3.5 and 16 mS/cm. Error bars 

represent standard deviations calculated from triplicate runs. 
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In the absence of IVIG, hydrodynamic diameters of PP7 were determined to be between 32 

and 47 nm for pH 5.5, 7.3 and 9.0, independently of the solution conductivity, and tending to 

be slightly larger at pH 5.5 (Fig. 3 A). Values of 30-33 nm for PP7, measured by a similar DLS 

procedure, have been reported for highly purified and mostly monomeric PP7 suspensions 

(Lute et al., 2008). Recent results using techniques for size measurements that are less 

sensitive towards aggregates such as transmission electron microscopy (TEM) or that include 

a size-based separation step such as size exclusion chromatography-multi-angle light 

scattering (SEC-MALS) indicate 26 nm (TEM) and 34 nm (SEC-MALS) in diameter for PP7 

(Johnson et al., 2017). In the same study PP7 results are compared with the minute virus of 

mice (MVM), an often used small mammalian virus for spiking studies, having 25 nm (TEM) 

and 35 nm (SEC-MALS) and thereby rendering PP7 to be a representative size-based model 

virus for small mammalian viruses. Therefore, slightly increased hydrodynamic diameters of 

44-47 nm for PP7 at pH 5.5 indicate minor aggregation of PP7 at this condition; that 

aggregation strongly increases towards a lower pH value of 4.5, closer to the pI of the phage. 

In the presence of IVIG a more significant aggregation was observed at pH 5.5 and 7.3 under 

low solution conductivity (Fig. 3 C), supporting the hypothesis of heterogeneous aggregation 

due to oppositely charged PP7 and IVIG particles. This increased aggregation tendency cannot 

be attributed to aggregation of IVIG alone, as IVIG solutions showed no significant aggregation 

under all solution conditions examined (Fig. 3 B). 

The observation made by DLS could be used as an explanation for the observed effect of pH 

in the DoE study as well as the significant negative interaction between pH and the protein 

concentration (pH*PConc) (Fig. 4 A). A distinct decrease of the initial LRV with increasing pH 

is observed for the case where IVIG was present in the feed. This can be attributed to the high 

amount of PP7/IVIG aggregates at low pH conditions that are more easily retained by size 

exclusion. This decrease of the initial LRV is less distinct in the absence of IVIG (“PConc (low)”), 

as could be explained by the DLS results showing overall less aggregation within the pH range 

of the DoE study. 
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Fig. 4. Interaction plots for pH and protein concentration (pH*PConc) (A) and for protein 

binding capacity and protein concentration (PBCap*PConc) (B) with respect to the initial LRV. 

 

To fully understand why the initial LRV is higher at pH 9.0 in the absence than in the presence 

of IVIG, also interactions involving the membrane have to be considered. All membranes used 

in this study had protein binding capacities between 2.9-6.4 mg/cm³. Hence, in the absence 

of IVIG the adsorptive capacity of the membrane potentially contributed towards retention of 

PP7 by adsorption. In the presence of IVIG (“PConc (high)”) on the other hand, such adsorptive 
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spaces were mostly occupied by IVIG, which is present in solution in a much larger 

concentration than PP7, and therefore suppresses further adsorption of PP7. 

Another support for the hypothesis that adsorption of PP7 can contribute to the initial LRV is 

given by the significant negative interaction between the protein binding capacity and the 

protein concentration (PBCap*PConc) (Fig. 4 B). Here, in the absence of IVIG, the initial LRV 

strongly increases with the protein binding capacity, while in the presence of IVIG the protein 

binding capacity merely has an impact on the initial LRV. 

 

3.2 Virus retention after FI – LRV decay 

 

Data analysis for the LRV decay provided a similarly good MLR model as for the initial LRV, 

indicated by R² = 0.70 and Q² = 0.67 (Fig. 5). All parameters were found to be significant 

together with the two interactions between the protein binding capacity and the protein 

concentration (PBCap*PConc) and between the maximum pore diameter and the protein 

concentration (MPDia*PConc). 
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Fig. 5. MLR model coefficient plot for the LRV decay as response. The parameters are the pH, 

the conductivity (cond), the protein concentration (PConc), the protein binding capacity 

(PBCap) and the maximum pore diameter (MPDia). The interactions identified are the 

interaction between protein binding capacity and protein concentration (PBCap*PConc) and 

the interaction between maximum pore diameter and protein concentration (MPDia*PConc). 

Significance of the model is supported by R² = 0.70 and Q² = 0.67.  

 

While having by far the largest impact on the initial LRV compared to all other parameters, the 

maximum pore diameter has a significant and large positive impact on the LRV decay as well. 

In contrast to the initial LRV, the protein concentration and the protein binding capacity have 

even larger impacts on the LRV decay.  

As proposed by Yamamoto et al., under typical process conditions mass transport of viruses 

through the porous network of a VFM is dominated by convection, while in case of FI or low 

convective flow rates mass transport can be dominated by diffusion (Yamamoto et al., 2014). 

Within the convection-dominated regime, viruses move in downstream direction through the 

porous network of the membrane until they encounter a pore with a smaller diameter than 

the diameter of the virus. Convective forces constrain these viruses in the retentive pores, 

resulting in size exclusion. Within the diffusion-dominated regime, the constriction of the 

previously retained viruses is removed, allowing these viruses to travel a certain distance 

within the porous network by Brownian motion. By a certain chance, some of these viruses 

can reach larger non-retentive pores within the possible travel distance. After reinstating 

typical process conditions, these viruses can be transported through these non-retentive 
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pores further downstream into the membrane leading to an increased transmission of viruses 

into the filtrate and by this resulting in a larger LRV decay. 

The positive impact of the maximum pore diameter can be explained by the increased amount 

of larger, non-retentive pores for membranes with a larger maximum pore diameter. The 

probability for viruses to reach non-retentive pores by diffusive movement during the FI 

increases with a higher share of non-retentive pores in the pore size distribution. 

The protein binding capacity and the protein concentration on the other hand have large 

negative impacts on the LRV decay. The protein binding capacity is a measure for the 

interaction of the membrane with proteins and assumed to be also valid for the interaction 

with non-enveloped viruses such as the bacteriophage PP7. The results strongly suggest that 

adsorptive interaction can reduce the LRV decay after a FI. The adsorption/desorption 

equilibrium of the viruses with the membrane surface will probably be shifted towards 

adsorption for membranes with a higher protein binding capacity, reducing the effective travel 

distance during the diffusive movement. For commercial VFM, increasing the protein binding 

capacity poses no viable strategy in order to increase retention robustness. Such a strategy 

would interfere with the size exclusion as main and robust retention mechanism. Furthermore, 

membranes with increased protein binding capacity are more prone towards fouling with 

protein containing feed streams, which would reduce the productivity of such membranes and 

can also lead to product loss. The negative impact of the protein concentration could be 

explained by the interaction between IVIG and PP7 as was already observed by DLS (Fig. 3 C). 

Heterogeneous IVIG-PP7 aggregates undergo, due to their increased size, a reduced diffusive 

movement compared to monomeric PP7.  

For a more comprehensive understanding, a consideration of the significant positive 

interaction between the protein binding capacity and the protein concentration 

(PBCap*PConc) is helpful (Fig. 6 A). In absence of IVIG (“PConc (low)”), only interactions 

between PP7 and the membrane are relevant. In that case, the LRV decay for membranes with 

low protein binding capacities, that are more similar to commercial VFM, is high. Increasing 

the protein binding capacity significantly decreases the LRV decay, as adsorptive interactions 

between PP7 and the membrane surface increase. In presence of IVIG (“PConc (high)”), the 

LRV decay is very low in general and the dependency of the protein binding capacity is low as 

well. This suggests that the membrane surface and/or the surface of PP7 are shielded from 
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each other by IVIG in a way that changes so that the protein binding capacity has only little 

effect on the LRV decay. 

 

 

Fig. 6. Interaction plots for protein binding capacity and protein concentration (PBCap*PConc) 

(A) and for maximum pore diameter and protein concentration (MPDia*PConc) (B) with 

respect to the LRV decay. 
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A very interesting interaction is the significant negative interaction between the maximum 

pore diameter and the protein concentration (MPDia*PConc) (Fig. 6 B). In the presence of IVIG, 

the LRV decay is low and shows only a negligible dependence on the maximum pore diameter 

as discussed before. In the absence of IVIG, a strong dependence of the maximum pore 

diameter can be observed. Membranes with a larger maximum pore diameter exhibit a very 

significant LRV decay, while lowering the maximum pore diameter within the tested range 

drastically reduces the LRV decay. From a membrane manufacturer’s perspective, these 

results indicate that retention robustness with respect to LRV decay as a consequence of a FI 

can be achieved by reducing the maximal pore diameter. These findings are in agreement with 

a previous study by Kosiol et al. determining pore size distributions of commercial VFM (Kosiol 

et al., 2017). It was found that the first-generation VFM, that are known to lack retention 

robustness, exhibit a higher share of larger pores compared to the second-generation VFM 

that typically do not show significant LRV decays.  

The impacts of the pH and the conductivity were found to be significant, however, exhibit 

lower impacts than all other parameters studied. The impact of the pH on the LRV decay is 

positive, as similarly observed by other authors using bacteriophage φX174 (Dishari et al., 

2015a). This could be related to the increasing repulsive electrostatic interaction between PP7 

and the VFM as the pH increases. Thus, overall attractive interactions are reduced that could 

otherwise reduce diffusive movement. The solution conductivity has a similar positive impact 

on the LRV decay like the pH. The increased solution conductivity results from higher salt 

concentrations, which cause pore diameters to appear larger and PP7 smaller as consequence 

from electrostatic charge shielding. Both larger pores and smaller PP7 would favor diffusive 

movement of PP7 within the pore network. 

 

3.3 Virus retention of commercial second-generation VFM 

 

Besides the mechanistic study using model membranes having a lower retention level, 

additional filtration experiments were carried out using commercial second-generation VFM. 

Process and solution conditions were adopted from the DoE study, including the worst-case 

solution conditions high pH and high conductivity. 

In contrast to the model VFM, the commercial products exhibit high levels of virus retention, 

having LRVs typically >= 6 (Fig. 7). With respect to the upper LRV detection limit of the assay 
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between 6.2 and 6.8, most results for Virosart® CPV and Virosart® HC are above the detection 

limit, showing no detectable virus breakthrough. Results for Virosart® HF show detectable 

virus breakthrough for a larger number of filtration runs but still having high LRVs, mostly 6 

and higher. 

 

Fig. 7. PP7 retention data of commercial second-generation VFM (Virosart® CPV, Virosart® HC 

and Virosart® HF) at different solutions conditions adopted from the DoE study including a 

15 min FI. The upper LRV detection limits are between 6.2 and 6.8. All data points represent 

the mean values of duplicate filtration runs, while error bars represent plus/minus one 

standard deviation. Arrows indicate duplicate filtration runs without any virus breakthroughs 

observed. 
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With respect to solution (pH and presence of IVIG) and process (FI) conditions no systematic 

differences are observed for the initial LRV and the LRV decay, indicating high retention 

robustness. 

 

4. Conclusions 

 

A holistic study using low retentive non-commercial model membranes was conducted to 

investigate the virus retention mechanisms during typical process-related flow conditions 

(initial LRV) and after a FI (LRV decay) as a function of membrane properties and solution 

conditions. The study supports the current understanding that the initial LRV is dominated by 

a size exclusion based retention mechanism and thereby is mostly influenced by the maximum 

pore diameter. Further, the LRV decay after a FI is reported by numerous authors to be based 

on a diffusive reorganization of previously constrained virus particles by retentive pores within 

the membrane structure with a certain chance for each virus particle to reach a non-retentive 

pore. The results of this study are consistent with the reported diffusion based mechanism 

and extended for interactions of the virus with the membrane surface and other species or 

conditions in the feed. During the FI, adsorptive interactions between the virus and the 

membrane surface as well as the protein present in the solution probably lead to a lower 

effective diffusion rate and, consequently, a significantly reduced LRV decay. The data also 

indicate that robustness against LRV decays can be achieved by reduction of the maximum 

pore diameters (and the share of non-retentive pores). This strategy was successfully 

incorporated in the development of the second-generation of commercial VFM, which exhibit 

high overall retention levels and high retention robustness with respect to varying solution 

and process conditions.  
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Supporting information 

Table SI. Experimental conditions selected for DoE study. 

Experiment 
condition 

pH Conductivity Protein 
concentration 

Protein 
binding 
capacity 

Maximum 
pore 
diameter 

Number 
of 
replicates 

1 - - - - - 4 

2 - - - - + 4 

3 - - - + - 4 
4 - - - + + 4 

5 - - + - - 2 

6 - - + - + 2 

7 - - + + - 2 

8 - - + + + 2 

9 - + - - - 4 
10 - + - - + 4 

11 - + - + - 4 

12 - + - + + 4 

13 - + + - - 2 

14 - + + - + 2 
15 - + + + - 2 

16 - + + + + 2 

17 0 - - - - 4 

18 0 - - - + 4 

19 0 - - + - 4 
20 0 - - + + 4 

21 0 0 - - - 12 

22 0 0 - - + 12 

23 0 0 + - - 6 

24 0 0 + - + 6 
25 0 + - - - 4 

26 0 + - - + 4 

27 0 + - + - 4 

28 0 + - + + 4 

29 + - - - - 4 
30 + - - - + 4 

31 + - - + - 4 

32 + - - + + 4 

33 + - + - - 2 

34 + - + - + 2 

35 + - + + - 2 
36 + - + + + 2 

37 + + - - - 4 

38 + + - - + 4 

39 + + - + - 4 

40 + + - + + 4 
41 + + + - - 2 

42 + + + - + 2 

43 + + + + - 2 

44 + + + + + 2 

-: lower limit 

0: mid-range value 

+: upper limit 
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Fig. S1. LRV decay after a FI in dependence of the duration of the FI determined using 

experimental condition 21 of the DoE study (see Table SI, supporting information). The dashed 

line represents an empirical fit to the data indicating that the LRV decay after FI is a function 

of the duration of the FI. 
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4 Summary and conclusion  

 

Two analytical techniques have been developed that have shown to be capable to determine 

PSDs and PSGs of VFMs in a quantitative manner. Both techniques are based on retention of 

GNPs of defined particle diameter in course of filtration experiments. A major drawback, 

limiting the applicability of nanoparticle retention tests towards low interacting membranes 

made of RC [16,17,48], originates from GNP adsorption to polymeric materials superimposing 

retention by size exclusion [43,47,49,55,56]. Based on observations by Liu and Wei, addition 

of an anionic surfactant to the GNP solution, namely SDS, has shown to minimize adsorption 

of GNPs to polymeric surfaces [57,58]. In paper 1, the impact of SDS on the retention 

mechanism of GNPs by porous polymeric membranes was investigated. By increasing the SDS 

concentration in the equilibration and GNP solution, retention mechanism of GNPs with PES 

membranes was shifted from an adsorption- to a size exclusion-dominated mechanism. 

Suppressing GNP adsorption by SDS resolved the main drawback for structural investigations 

based on GNP retention, extending the applicability towards membranes made from higher 

interacting materials such as PES. Building on this, in paper 1 PSDs of a broad panel of 

membranes including commercial and non-commercial VFMs and one UFM were determined 

by photometrical measurement of the GNP concentrations in the filtrates after separate 

filtrations using different sized GNPs. Although similar mean pore diameters were found for 

all membranes, the UFM and the VFMs from first-generation exhibited larger cut-off pore 

diameters and broader PSDs than the state-of-the-art second-generation VFMs. These results 

provide a structure-based explanation for the lack of retention robustness often observed for 

the first-generation VFM [19]. Also, some correlation was observed between the cut-off pore 

diameter and bacteriophage PP7 retention. This finding is supported by Peinador et al. 

investigating PSDs of homologous model VFMs, showing that virus retention correlates best 

with the maximum pore diameters rather than with the mean or minimum pore diameters 

[34]. A better correlation between pore diameter and virus retention throughout a broad set 

of different VFMs could be potentially found also using a suitable detergent in the virus 

containing solution suppressing possible virus adsorption. However, some effort will be 

required to find a suitable detergent that does not reduce virus infectivity, which is a 

prerequisite for the virus quantification assay.  
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Complementary to the analysis of PSDs by determination of GNP concentrations in the filtrates, 

PSGs were derived within paper 2 from the position of retained particles inside the same 

membrane samples already used within paper 1. Due to the funnel-like structure of the VFMs 

with the larger pores facing towards the feed, GNPs of a certain size are retained at a distinct 

depth of the membrane causing a local discolouration. From microscopic analysis of 

membrane cross-sections, the position of the discolouration was determined providing 

information on the effective pore diameter at this depth of the membrane. By using different 

sized GNPs ranging from 5-50 nm, effective pore diameters were estimated at different depths 

of the membrane close to the SAL. Quantitative PSGs were obtained as slopes from linear fits 

of pore diameter against membrane depth. For one membrane type, the PSG was also 

determined by image analysis of pristine membrane samples by measuring the mean free path 

lengths, a method adapted from Ziel et al. [69]. Although both techniques provided very 

similar PSGs, the magnitude of pore diameters estimated from measurement of the mean free 

path lengths was significantly larger compared to the GNP based technique. This deviation can 

be easily attributed to the use of the mean free path length as gross simplification of the pore 

diameter, also measuring other parts of the pore void than the bottleneck pore diameter, 

which is most relevant for the size exclusion properties. Thereby, based on size exclusion, pore 

size determinations by GNP retention in general provide results with higher relevance towards 

the application of these membranes.  

In order to link fouling robustness with the membrane structure, the fouling mechanism and 

the fouling species of IVIG were determined in paper 2. Using DLS for comparing size 

distributions in feed stream and filtrates, it was found that small aggregates retained by the 

VFM, probably in the size range of 16-30 nm, are the main cause for fouling and foul the 

membrane mostly by size exclusion. To further elucidate the nature of the foulants, DLS was 

applied after fractionation of the IVIG feed stream using HIC. Presence of larger species was 

observed for fractions containing more hydrophobic species. These results also support the 

findings by Bolton et al. and Villain that the fouling species in IVIG feed streams are more 

hydrophobic than the majority of IgG monomers, but contradict these authors with respect to 

the size of these foulants [94,99]. In a comparable previous experiment by Villain using SEC 

instead of DLS in combination with HIC, no differences between HIC fractions were observed 

with respect to aggregate levels [99]. It was already suspected by Villain that disruption of 
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reversible aggregates might have occurred, which was caused by the SEC procedure. The 

present DLS results further raise a doubt on the previous SEC based studies. 

In context of a fouling mechanism of IVIG mainly caused by size exclusion of small aggregates, 

protein mass throughputs of all membranes were determined in paper 2 using IVIG. A 

correlation between protein mass throughput and PSG was observed. VFMs having steep PSGs 

exhibited by several orders of magnitude lower protein mass throughputs than VFMs having 

shallow PSGs. These findings are in accordance to the hypothesis of the membrane structure 

located between the feed and the SAL acting as a depth pre-filter, thereby protecting the SAL 

from early fouling. This can be explained by the fact that VFMs with more shallow PSGs utilize 

a larger section of their structure to act as a depth pre-filter for foulants that are retained, 

similar to viruses, by size exclusion. 

Due to the high complexity of virus retention mechanisms, in addition to paper 1, a deeper, 

holistic investigation was carried out in paper 3. This DoE-based study using model VFMs was 

conducted to determine the virus retention mechanisms of bacteriophage PP7 during typical 

process-related flow conditions (initial LRV) and after a FI (LRV decay) as a function of 

membrane properties and solution conditions. A unique feature of this study is the use of 

VFMs having specifically designed PSDs and protein binding capacities as measure for the 

interaction of proteins with the membrane, which is presumably also valid for the interaction 

between non-enveloped viruses and the membrane. The study supports the current 

understanding that the initial LRV is dominated by a size exclusion based retention mechanism 

and thereby is mostly influenced by the maximum pore diameter, as was already observed in 

paper 1. Further, the LRV decay after a FI is reported by numerous authors to be based on a 

diffusive reorganization of previously constrained virus particles by retentive pores within the 

membrane structure with a certain chance for each virus particle to reach a non-retentive 

pore [87,88]. The results of this study are consistent with the reported diffusion-based 

mechanism. The current understanding is also extended by the present thesis for interactions 

of the virus with the membrane surface and other species or conditions in the feed. 

Biophysical characterization using DLS was carried out to assess virus-virus, virus-protein and 

protein-protein interactions in solution under the diverse solution conditions including 

different pH and solution conductivities. During the FI, adsorptive interactions between the 

virus and the membrane surface as well as the protein present in the solution probably lead 

to a lower effective diffusion rate of the viruses and, consequently, a significantly reduced LRV 
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decay. The data also indicate that robustness against LRV decays can be achieved by reduction 

of the maximum pore diameters (and the share of non-retentive pores). This strategy was 

successfully incorporated in the development of the second-generation of commercial VFM, 

which exhibit high overall retention levels and high retention robustness with respect to 

varying solution and process conditions.  
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6 Appendix 

6.1 List of abbreviations 

AEX anion exchange chromatography 

CA cellulose acetate 

CEX cation exchange chromatography 

DF diafiltration 

DLS dynamic light scattering 

DNA deoxyribonucleic acid 

DoE Design of Experiment 

FDA Food and Drug Administration 

FI flow interruption 

Fig. Figure 

GLDP gas-liquid displacement porometry 

GNP gold nanoparticle 

HIC hydrophobic interaction chromatography 

IVIG intravenous immunoglobulin 

LLDP liquid-liquid displacement porometry 

LRV log10 reduction value  

PC polycarbonate  

PDA Parenteral Drug Association 

PES polyethersulfone  

PSD pore size distribution 

PSG pore size gradient 

PVDF polyvinylidene fluoride 

RC regenerated cellulose 

SAL separation-active layer 

SDS sodium dodecyl sulfate  

SEC size exclusion chromatography 

SEM scanning electron microscopy 

TEM transmission electron microscopy 
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TFF tangential flow filtration  

UFM ultrafiltration membrane 

UV-Vis ultraviolet and visible 

VFM virus filtration membrane 
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