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A B S T R A C T   

Virus filtration is considered an effective and robust method to remove viral contaminants that may enter the 
manufacturing process of biotherapeutics. However, insights into the retention mechanism of viruses under the 
influence of different operating conditions have been limited so far. In this work, we visualize the impact of filter 
fouling and flow decay on the retention of fluorescently labeled minute virus of mice (MVM) in asymmetric 
Planova 20N and nearly homogeneous Pegasus SV4 filter membranes. Filtration of feedstreams containing 
polyclonal human immunoglobulin G (IgG) revealed a complex interplay of different fouling mechanisms 
depending on high- or low-fouling solution properties, and characteristic for the distinct filter types. The 
asymmetric filter morphology – which allowed gradual foulant deposition across membrane zones with different 
pore sizes – provided a larger capacity for capture of fouling particulates as well as robust virus retention under 
challenging feedstream conditions. Taken together, our results demonstrate that different filtration conditions 
can lead to a combination of various, even opposing effects on virus retention depending on the membrane 
structure and pore size characteristics. The phenomena visualized in this work contribute to a better under-
standing of the underlying molecular mechanisms and provide cues for specific optimization of virus filtration 
processes.   

1. Introduction 

Therapeutic products derived from biological sources carry the 
inherent risk of viral contaminations. Mammalian cell cultures used to 
produce recombinant biotherapeutics are known to endogenously ex-
press retrovirus-like particles, as well as their susceptibility to infections 
by adventitious viruses [1,2]. Plasma donations, which serve as raw 
material for the manufacturing of plasma-derived medicinal products, 
such as polyclonal human immunoglobulin G (IgG), potentially contain 
blood-borne viruses. To assure virus safety, manufacturers employ a 
multi-layered strategy to mitigate the risk of viral contaminations by 
rigorous monitoring of sources and testing of raw materials, while 
incorporating effective virus clearance steps to eliminate potentially 
present viruses during the downstream processing [3]. 

Virus filtration (VF) is considered one of the most effective and 
robust methods to remove any viral contaminant potentially introduced 
into the manufacturing process based on a size-exclusion mechanism. 
The small and highly stable parvoviruses, such as minute virus of mice 
(MVM), represent a relevant contamination risk for biologicals and are 
generally accepted as a worst-case model to validate the effectiveness of 
virus clearance steps [4,5]. Parvovirus-grade filters composed of poly-
meric membranes with nominal pore sizes in the range of 19–20 nm 
provide selective separation between therapeutic proteins, such as IgGs 
with a hydrodynamic diameter of 10–12 nm, and parvoviruses with an 
outer capsid diameter of 27–29 nm [6–9]. 

The macromolecules present in the downstream manufacturing of 
biotherapeutics have the potential to self-associate, aggregate or interact 
with surfaces, such as polymeric filter materials, causing membrane 
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fouling. In VF, fouling of the membrane is a critical challenge that can 
significantly limit the filter performance by reducing the product 
throughput and compromising the effectiveness of virus removal 
[10–12]. 

Different fouling mechanisms have previously been described by 
Hermia et al. [13,14]: Standard blocking, also known as pore constric-
tion, which is a consequence of deposition/adsorption of proteins at the 
walls of the pores; complete (pore) blockage, where the pores are 
plugged through aggregates with a size similar or slightly larger than the 
pore diameter; intermediate blocking, where pores are only partially 
blocked by the fouling particles; cake filtration, where a permeable layer 
of foulants is formed on the membrane by continuous deposition of bulk 
protein. Mathematical modeling was used to describe the different 
fouling effects during filtration, illustrating that membrane fouling is a 
result of combined mechanisms, which dynamically change during the 
progression of filtration [15–19]. Flow decay in protein filtration is 
generally understood as a consequence of primarily irreversible fouling 
involving protein aggregates in the size range of the filter pores, that are 
formed before or during filtration [11,20–23]. Trace quantities of pro-
tein species in the feedstream having the propensity to self-associate 
serve as nucleation sites for continued deposition of bulk protein in 
the sieving layer of the membrane [18,24–26]. In line with this, the 
throughput of IgG feedstreams in VF could be considerably improved by 
using prefilters that remove hydrophobic, self-associating protein spe-
cies, such as oxidized or degraded IgG forms [22,27–31]. 

Intra- or intermolecular interactions between proteins in the feed-
stream and the membrane are dependent on their isoelectric point (pI), 
the solution pH, and conductivity. Consequently, fouling is critically 
impacted by specific filtration conditions, the therapeutic protein, and 
filter membrane material [11,19,21,25,32–35]. Therefore, careful 
evaluation and control of these factors are essential to reduce membrane 
fouling and maximize product throughput. 

Furthermore, filter fouling can substantially affect the effectiveness 
of virus removal by i) the occupation of retentive pores through virus- 
sized fouling aggregates, which redirects the flow to non-retentive 
pathways [10,36,37]; ii) flow decay, which allows for increased 
lateral diffusion of viruses to access non-retentive pores [12,37–39]; iii) 
pore constriction, which leads to pore size reduction and earlier reten-
tion of viral particles in the filter [40,41]. In addition to these size-based, 
physical effects, adsorptive interactions should also be considered, such 
as virus-virus, virus-protein, and virus-membrane interactions, which 
again depend on the specific physico-chemical properties of the involved 
components [23,37,39,42]. 

In summary, VF is a highly complex process involving multiple fac-
tors, with performance influenced by inadequately understood mecha-
nisms. The stepwise dissection of the different contributing factors is 
often approached to simplify the investigated system, e.g., by using 
standard proteins, standard conditions, and non-infectious surrogates 
instead of relevant virus models. Numerous studies have investigated 
the membrane fouling mechanisms including mathematical modeling in 
the context of micro- and ultrafiltration processes, assuming single-layer 
membranes with cylindrical, uniform, and straight pores [15–18]. The 
composition of most virus filter membranes, with their intricate, inter-
connected pore structure, characteristic pore size gradients, and variable 
pore size distributions, enable different fouling mechanisms to occur 
simultaneously in multiple layers [10,19]. Advanced analytical ap-
proaches have been used to visualize the fouling entities and virus-sized 
particles directly inside the distinct membrane morphologies to confirm 
proposed mechanisms and to further resolve the interplay of the 
different factors [18,26,40,41,43,44]. 

The objective of this work was to generate a deeper understanding of 
filter fouling by comparing distinct membrane types and varying con-
ditions in the relevant context of parvovirus filtration. To this end, we 
labeled IgG and MVM with fluorescent dyes and simultaneously visu-
alized their retention in Planova 20N and Pegasus SV4 filters by using 
laser scanning microscopy (LSM). Primarily, we generated mechanistic 

insights into the effects of low- and high-fouling polyclonal IgG feed-
streams under “standard” conditions in PBS, pH 7.4, and finally 
compared these results to typical manufacturing conditions for a highly 
pure IgG product intermediate. 

2. Materials and methods 

2.1. Cells and viruses 

The minute virus of mice prototype (MVMp) clone commonly used in 
validation studies performed in biopharmaceutical industry settings was 
obtained from ATCC (USA) [45]. Mouse A9 fibroblasts derived from 
ATCC were cultured in Dulbecco’s modified Eagle’s medium (DMEM), 
5% fetal calf serum (FCS) at 37 ◦C, 5% CO2. 

2.2. Purification and characterization of MVM 

Propagation, purification, and characterization of MVM were per-
formed as previously described [46,47]. Briefly, mouse A9 fibroblasts 
cells were inoculated with MVM and harvested 3 days post-infection. 
Cells were washed with phosphate-buffered saline (PBS) and then 
lysed in PBS by three freeze-thaw cycles. The lysate was clarified by 
low-speed centrifugation and incubated with 0.1% Nonidet-P40 (NP-40) 
for 1 h at 4 ◦C. Clarified and sterile filtered cell lysate was layered on 
20% sucrose and viruses were pelleted by ultracentrifugation at 
150000×g. The pellet was resuspended in a small volume of the bottom 
fraction and analyzed for yield and purity. Purity and quantity of viral 
particles were determined by densitometric analysis of 
Coomassie-stained sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). 

2.3. Labeling of MVM and IgGs with amine-reactive Atto dyes 

Labeling of purified MVM and human polyclonal IgGs (Merck, 
G4386, purity ≥99%, Germany) with fluorescent dyes was performed 
similar to previously described [41,47]. Briefly, viruses or IgGs were 
incubated with amine-reactive N-hydroxy-succinimide ester-modified 
Atto dyes (NHS-Atto; Atto-Tec, Germany) to achieve crosslinking to 
surface lysines. After quenching the reaction, Atto-633 labeled virions 
were purified by ultracentrifugation through a 20% sucrose cushion. 
Atto-488 labeled IgGs were purified by size-exclusion chromatography 
using PD-10 columns (GE Healthcare, USA). The degree of labeling 
(DOL) was analyzed based on A280 to maximal absorption (Amax) of the 
fluorescent dye. Labeling was performed to obtain a limited DOL of 
about 25 dyes per viral capsid and 1 dye per IgG molecule, respectively, 
to achieve a reasonable compromise between sufficient signal and 
negligible impact on retention [46,47]. 

2.4. Nanofiltration of Atto-labeled viruses in different filter types 

VF experiments were performed with Planova 20N (Asahi Kasei, 
Japan) and Pegasus SV4 (Pall Corporation, USA) filters, using 
commercially available small-scale membranes derived from the same 
production lot. Unless indicated, VF was carried out under standard 
operating conditions at room temperature (21–25 ◦C) and constant 
pressure following the manufacturer’s instructions (Planova 20N, 
0.8–0.9 bar; Pegasus SV4, 2.0–2.1 bar). Feedstreams for VFs consisted as 
indicated of PBS, pH 7.4; 1 mg/mL polyclonal human IgGs (Merck, 
G4386) in PBS; 10 mg/mL IgGs in PBS; or polyclonal human IgG product 
intermediate (10–14 mg/mL IgG, sodium acetate/phosphate buffer, pH 
4.8, 0.5 mS/cm). A feedstream volume of 50 mL was spiked with 1 μg of 
viral capsids, corresponding to 1.5 × 1011 MVM particles, and passed 
through a 0.1 μm poly(vinylidene fluoride) (PVDF) filter (Merck Milli-
pore). According to previous studies using similar spiking doses, no 
overspiking effects such as decrease of virus removal performance or 
flow decay during the small-scale filtration (0.001 m2) were observed 
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[46–49]. Comparable spiking doses with purified unlabeled MVM cor-
responded to a total viral load of ~6.7 log10 TCID50 as measured on A9 
cell culture. For analysis of viral load reduction, a feed sample and 
several filtrate fractions were collected. For visualization of IgG reten-
tion, Atto-488 labeled IgG was spiked into the feed corresponding to 
1:100 of the used IgG concentration. Filter flow (J) was measured based 
on time to reach fraction volume and shown as relative filtrate flow 
(J/J0) in comparison to H20 flux (J0). 

2.5. Analysis of filter membranes by laser scanning microscopy (LSM) 

Virus filter membranes were prepared and analyzed as previously 
described [47]. Briefly, membranes were embedded in 2% low EEO 
agarose (PBS), cross-sectioned and analyzed using the laser scanning 
microscope 880 with a 63 × magnification objective (Carl Zeiss, Ger-
many). To visualize filter dimensions and structure, the membrane 
autofluorescence was detected at λex 405 nm; λem 422 nm. For 3D 
analysis of the intact membrane segments, scanning was performed with 
20 × magnification objectives and autofluorescence at λex 425 nm. Ac-
quired data was processed with the ZEN program (Carl Zeiss) and 
exported as TIFF files. Images were analyzed with the ImageJ program 

[50] and data was processed with GraphPad Prism to obtain retention 
profiles as a function of the filter depth. Importantly, minor differences 
in membrane thickness due to cutting direction did not change relative 
filter depth of retained molecules; fouling and virus retention patterns 
were homogeneous and consistent across different membrane sections 
(Fig. 1A) (Supplementary Figs. 1–3). 

2.6. Quantification of parvovirus reduction by qPCR 

The concentration of MVM virions in the feed and filtrate fractions 
was determined by an optimized quantitative polymerase chain reaction 
(qPCR) protocol incorporating a nuclease treatment before DNA 
extraction as previously described [46,51]. Viral DNA was extracted 
(DNeasy Blood and Tissue Kit; Qiagen) and quantified by qPCR using 
MVM-specific primers, and an infectious clone of MVM as an external 
standard. Amplification and real-time detection were carried out with 
the CFX96 Real-Time system (Bio-Rad, USA). Log10 reduction factors 
(LRFs) were calculated based on different starting quantity of virions 
detected in the extracted feed and filtrate samples. 

Fig. 1. Filter fouling and parvovirus retention in Planova 20N membrane. A) Laser-scanning microscopy images of a Planova 20N hollow fiber cross-section after 
filtration of 1 mg/mL IgG spiked with a minor proportion of Atto-488 labeled IgG (1:100) and Atto-633 labeled MVM (20x objective). B) Magnification into 
membrane segments (63x objective) after filtration of MVM-spiked PBS, 1 mg/mL IgG in PBS, or 10 mg/mL IgG in PBS. Retention profiles of C) IgG foulants and D) 
MVM-633 based on ImageJ analysis [50]. E) Relative filter flow (J/J0) of different feedstreams. F) Log10 reduction factors (LRFs) determined by qPCR of virions in 
feed and filtrate samples. Graphs show one filtration per condition (n = 1). 
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3. Results and discussion 

To generate visual insights into the fouling mechanisms and its 
impact on virus retention inside the filter membrane by LSM, viruses and 
the therapeutic protein were labeled with fluorescent dyes prior to the 
filtration process. Purified MVM was labeled with Atto-633, while 
polyclonal human IgGs were bioconjugated with Atto-488 dyes based on 
chemical crosslinking as previously described [41,47]. Experiments 
with the fluorescent components were performed on the two morpho-
logically distinct early generation filter membranes Planova 20N and 
Pegasus SV4. 

3.1. Impact of filter fouling in Planova 20N at pH 7.4 

Planova 20N represents a commonly used hollow fiber virus filter 
membrane of the first generation, consisting of regenerated cellulose. 
The polymer constitutes an asymmetric membrane pore structure with a 
rough layer at the feed side, followed by a rather shallow pore size 
gradient, which is conceived to provide high fouling capacity for 
differently sized fouling species [52–54]. To visualize filter fouling and 
virus retention within the membrane after VF, the hollow fibers were 
embedded in agarose and cut orthogonally to obtain circular 
cross-sections (Fig. 1A) (Supplementary Fig. 1). The filter sections were 
analyzed by LSM, using the membrane autofluorescence as signal to 
determine the exact filter dimensions and density profile (Supplemen-
tary Fig. 2). 

Under defined filtration conditions in PBS only, pH 7.4, and constant 
flow, the virus retention profile (VRP) shows predominant MVM accu-
mulation in the parvovirus retentive layer at 40–50% of filter depth as 
previously reported, marking the zone in the membrane where pore 
sizes are similar to the viral diameter (Fig. 1B and D) [47,48,53,54]. 
Additionally, a significant number of viruses were retained already 
within the reservoir zone, where pore sizes are supposed to be pre-
dominantly larger than the virus. This early retention is attributed to 
viruses that are constrained in a minor proportion of retentive voids by 
the constant convective flow [47]. Expectedly, no significant virus signal 
was found in the second half of the membrane as this rejection layer, 
with pores uniformly smaller than the viral diameter, effectively ex-
cludes viruses from deeper migration (Fig. 1B and D) [47,48]. 

To investigate filter membrane fouling mechanisms, we used 1 mg/ 
mL IgG (1% Atto-488 labeled) in PBS, pH 7.4, without stabilizers, as 
previously described (Fig. 1B and C) [41]. Consequently, a moderate 
flow decay of 25% after 50L/m2 was observed, which conforms with 
precedent reports using comparable feedstream properties (Fig. 1E) [11, 
41]. Detailed visualization of IgG-488 by LSM showed the expected 
predominant fouling signal at about 70% of filter depth, corresponding 
to the smallest pore size of the filter (Fig. 1B and C) [41,53]. These 
findings further substantiate previous observations suggesting that trace 
amounts of protein particulates close to the nominal pore size of the 
membrane represent the main root cause for the decrease in filter per-
formance [11,21,28]. Adsorption of bulk IgG to captured particulates 
and the membrane polymer further contributes to the flux decline and is 
influenced by solution pH, conductivity, and stabilizers [18,20,35,55]. 

In presence of 1 mg/mL IgG, pronounced accumulation of MVM at 
45–50% of filter depth was observed, without a shift of the maximal 
peak depth in comparison to MVM retention in PBS only (Fig. 1B and D). 
Under these “low-fouling” conditions, however, significantly fewer vi-
ruses were observed in the reservoir zone and early retentive layer, 
where non-retentive pores represent the major proportion, which sug-
gests deeper migration of viral particles in these zones was promoted by 
the presence of the protein matrix. This phenomenon could be attributed 
to competition for retentive voids, pore blockage and redirection of the 
flow to larger pores through foulants, and to flow decay related effects 
[10,37]. Notably, the migration to a deeper filter depth stands in 
contrast to previous results using nanoparticles in the same feedstream, 
where a significant backshift to the feed side was observed [41]. 

Although VF is predominantly size-dependent, the disparate 
physico-chemical properties of viruses and artificial nanoparticles may 
cause differential adsorption and aggregation, which may explain the 
different retentive behavior [54]. 

As expected, based on the peak of the VRP remaining at 40–50% 
depth, virus removal was still effective (LRF >4) with a modest 
improvement of virus reduction observed at the beginning of filtration 
(Fig. 1D and F). In summary, under “low-fouling” conditions of 1 mg/mL 
IgG in PBS, virus retention and capture of the main fouling species does 
not occur in the same membrane layer; however, an impact of filter 
fouling on virus retention inside the membrane was already detectable. 

To challenge the Planova 20N filter membrane with “high-fouling” 
conditions, filtration of a feedstream containing 10 mg/mL of polyclonal 
IgG in PBS, pH 7.4 was performed. An initial rapid flow decay and 
prolonged filtration at steadily decreasing low flux was observed, similar 
to profiles describing combined fouling mechanisms during the process 
(Fig. 1D) [19]. The visualization of the retained IgG within the filter 
revealed a dramatic shift of the predominant fouling deposition towards 
the feed side of the filter, showing a remarkably sharp accumulation of 
the foulants at 25% of filter depth (Fig. 1B and C). This pattern can be 
interpreted as the formation of an internal cake layer, which was most 
likely triggered by a combination of distinct mechanisms at higher 
protein concentrations: i) increased pore constriction/intermediate 
fouling, thus promoting plugging of pores already in the support layer; 
ii) presence of larger, self-associated fouling species in the feedstream; 
iii) increased deposition of bulk protein to retained aggregates as 
nucleation centers [18,24,29]. The simultaneous occurrence of different 
fouling mechanisms and dynamic shift of foulant deposition across 
different membrane zones illustrates the complexity of the VF process in 
the presence of a protein matrix. Notably, the IgG fouling changed the 
filter density profile as visualized by the 405 nm measurement, 
providing an impression regarding the relative amounts of retained IgG 
under high- and low-fouling conditions (Fig. 1B, Supplementary Fig. 1). 
The autofluorescence images suggest a markedly increased protein 
accumulation after filtration of 10 mg/mL IgG feedstream when 
compared to 1 mg/mL IgG, which is in good agreement with the sub-
stantially different flow kinetics observed under these conditions 
(Fig. 1E). 

Analysis of the MVM-633 signal also showed a significant backshift 
of the VRP towards the feed side (Fig. 1B and D). The shift of filter 
fouling into the parvovirus retentive layer apparently impacted the 
retention of the virus, most likely by pore constriction as previously 
described with nanoparticles [40,41]. However, despite the substantial 
changes in flow and VRP, LRFs remained at a similar level (Fig. 1F). 

The observed retention of both MVM and IgGs in the same filter 
membrane depth with similar tendencies to backshift under high-fouling 
conditions suggests that viruses and fouling particulates underlie com-
parable size-driven mechanisms at these solution properties. However, 
while the VRP of MVM showed a shift of the retention peak by only 5 μm 
towards the feed side, the fouling deposition was backshifted by 15–20 
μm. This difference can be attributed to the concentration-dependent 
increase of fouling aggregate size and promoted deposition through 
adsorption at high protein concentration [18,20]. 

The 3D scanning of the Planova 20N filter membrane qualitatively 
confirmed the high-resolution images and quantitative analysis of 
retention patterns detected in membrane cross-sections, excluding po-
tential artifacts due to the mechanical sectioning, such as distortion of 
the membrane structure or “smearing” of aggregates across the section 
surface (Fig. 2A and B). The reconstruction of the stacks demonstrates 
even retention of fouling particulates and viral particles across a 
representative area of the Planova 20N membrane, reflecting a uniform 
filtration and retention process with minimal local variabilities 
(Fig. 2A). Interestingly, by using MVM as a relevant parvovirus model, 
we did not observe clusters of retained particles as previously reported 
with nanoparticles detected in membrane cross-sections [41]. 

Deposition of fouling species in the filter leads to a physical change of 
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the membrane pore structure, which has a direct effect on virus reten-
tion properties. Furthermore, the influence of flux decay needs to be 
considered as the reduction of the hydrodynamic force increases lateral 
diffusion and thus the access to non-retentive pathways [37–39,47,56, 
57]. To distinguish between direct physical effects of filter fouling due to 
pore constriction, plugging or competition, versus indirect effects due to 
changes in filter flow, we sought to mimic flow decay in absence of any 
IgGs by continuously reducing the pressure. Virus retention after flow 
decay showed a significantly pronounced retention peak at 50% of the 
filter depth and a minor accumulation in the reservoir zone (Fig. 3A). 
This VRP stands in sharp contrast to the retention of viruses as broad 
single peak between 25 and 50% of the filter depth as observed in 
presence of 10 mg/mL IgG. Therefore, the significant backshift of virus 
particles from the retentive layer into the support layer under 
high-fouling conditions can be attributed to the presence of IgG, 
involving changes in the pore structure such as pore constriction [40, 
41]. Conversely, the protein in the feedstream appears to also promote 
deeper migration of viruses particularly in the reservoir zone due to 

competition for retentive voids, redirection of flow to non-retentive 
pores, or decreasing adsorptive interactions [10,53]. 

While LRFs remained above 4 log10 virus removal in filtrations with 
10 mg/mL IgG, the artificially induced flow decay led to declined 
retention capacities (LRFs <4) when operating at low flow as previously 
reported (Fig. 3C) [39]. Notably, LRFs did not significantly increase at 
high-fouling conditions despite the remarkable backshift of the VRP, 
which can be explained by the redirection of the flow to a minor pro-
portion of non-retentive pathways by pore blockage, where viral parti-
cles have a high probability to pass through the entire filter membrane 
[10]. 

According to the diffusion-based model [38], reduction or absence of 
the convective flow similarly leads to mobilization of viruses. Interest-
ingly, while both conditions led to a deeper migration and a pronounced 
retention peak at the rejection layer interface, subtle differences be-
tween low flux or flow interruptions were observed in the reservoir zone 
(Fig. 3A). Repeated pressure releases for 30 min [47] was apparently 
more effective in mobilizing viruses compared to low flow conditions 
alone, which might be attributed to the requirement of a completely 
absent hydrodynamic force or even backflow to escape the larger voids 
present in this layer [53,57]. In line with this, also the overall retention 
capacity was more affected by the complete absence of flow, indicating 
consistent decline of LRFs to 3 log10 virus removal after repeated flow 
interruptions [47]. 

Taken together, the detailed visual insights reveal a complex inter-
play of different, even opposing effects that simultaneously alter virus 
particle migration or retention in the membrane. In the gradual pore size 
structure of the Planova 20N membrane, the increased fouling also leads 
to the formation of alternative selective layers upstream of the original 
retentive zone. This allows the membrane to compensate for the nega-
tive direct and indirect effects such as pore blockage and flow decay. 

3.2. Impact of filter fouling in Pegasus SV4 at pH 7.4 

The Pegasus SV4 filter is composed of two identical flat-sheet 
membranes and can be considered as an intermediate representative 
between the first and second filter generation. This filter has often been 
referred as a symmetric membrane type; however, structural, and 
functional analyses of the filter illustrate the presence of a thin support 
layer of a few micrometers at the feed side of both membrane layers [46, 
58]. The two membranes each comprise a thick homogenous layer with 
pore sizes predominantly smaller than the virus diameter. Filtration 
performed in PBS only and normal flow resulted in the known MVM 
retention at the beginning of the first filter membrane [46,47], and vi-
ruses were effectively removed during normal flow filtration conditions 
(LRF >5) (Fig. 4A, D and F). 

Addition of 1 mg/mL IgG to the feedstream and visualization of the 
co-spiked IgG-488 revealed a predominant retention of IgG within 
0–30% filter depth of the first membrane and a strongly reduced signal 
in the same region of the second membrane (Fig. A and C). The asym-
metric retention of the fouling species by the first membrane similar to a 
prefilter correlates with a size-exclusion mechanism, demonstrating that 
the major fouling by this feedstream involves protein aggregates [18, 
43]. This fouling decreased the flux by 40% after 50L/m2 when 
compared to PBS only conditions (Fig. 4E). Similar to buffer conditions, 
MVM retention was found in the first micrometers without any signifi-
cant breakthrough to the second membrane layer (Fig. 4A and D). 
Although virus retention and filter fouling apparently occur in the same 
region of this filter, no visible negative or positive impact on virus 
retention under these “low-fouling” conditions was detected. In line 
with this, overall virus retention remained consistent, indicating robust 
removal of viruses from the filtrate (Fig. 4F). 

Significant flow decay was observed when challenging the Pegasus 
SV4 filter with 10 mg/mL IgG, mirroring results achieved with the 
Planova 20N filter (Figs. 1 and 4E). However, in contrast to the backshift 
of retained foulants towards the feed side in the Planova 20N, fouling 

Fig. 2. Laser-scanning microscopy of intact Planova 20N hollow fiber mem-
brane. A) 3D reconstruction of stacked images of Planova 20N hollow fiber after 
filtration of 10 mg/mL polyclonal human IgG spiked with Atto-488 labeled IgG 
and Atto-633 labeled MVM (20x objective). B) Cross-section view. 

Fig. 3. Effect of flow decay on parvovirus retention in Planova 20N membrane. 
A) Comparison of MVM retention profiles in the filter membrane after gradual 
reduction of pressure (PBS, flow decay) to mimic fouling-induced flow decay 
obtained after filtration of 10 mg/mL IgG in PBS. B) Detected flow decay as 
consequence of gradual pressure reduction or fouling by 10 mg/mL IgG. C) 
Log10 reduction factors (LRFs) of MVM in filtrate fractions as determined by 
qPCR. Graphs show one filtration per condition (n = 1). 
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species penetrated deeper into the Pegasus SV4 filter (Fig. 4A–C) (Sup-
plementary Fig. 3). The abrupt decline of signal at 50% filter depth of 
the first membrane layer and the significant passage of fouling species 
directly to the second filter membrane suggests that at filter depth 
50–100% the Pegasus SV4 membranes do not provide any additional 
foulant capture properties. Assuming a predominantly size-based accu-
mulation of fouling species, this implies that smallest pore sizes are 
found at approximately 50% depth of the Pegasus SV4 filter membranes. 
This forward shift of foulants into the filter at high-fouling conditions 
could be attributed to competition among fouling particulates for 
retentive pores, redirection of the flow to larger pores, and increasing 
diffusion due to flow decay [10]. The retained aggregates likely serve as 
nucleation sites for additional adsorption of bulk protein, forming a 
layer of foulants at the beginning of the first membrane that expands 
into the filter with increasing throughput [18,24]. 

Further differences in the fouling mechanisms between the Pegasus 
SV4 and Planova 20N filter became evident when comparing the impact 
on parvovirus retention. In the Pegasus SV4, MVM was found to migrate 
significantly deeper into the first membrane layer under high-fouling 
conditions (Fig. 4A and D) (Supplementary Fig. 3). Similar to the 
retained fouling IgG species, the signal abruptly decreased at about 
40–50% of filter depth, indicating a significant proportion of viral par-
ticles passed to the second membrane layer. This significant penetration 
of the Pegasus SV4 filter membrane corroborates previous findings that 
this membrane type does not provide a strict rejection layer of uniform 
pore sizes that would exclude deeper migration of viruses under chal-
lenging conditions [23,47,59]. 

Scanning of an intact Pegasus SV4 double layer membrane segment 

in 3D mode showed a uniform retention of viruses and fouling particu-
lates as well as an evenly distributed passage of both entities to the 
second membrane layer (Fig. 4B) (Supplementary Fig. 3B). In accor-
dance with the observed forward shift of the VRP peak in flow direction, 
virus removal capacities were substantially decreased (LRF = 2) when 
operating under high-fouling conditions, which is in line with previous 
reports (Fig. 4F) [12,60]. 

To dissect the impact of direct fouling mechanisms from effects 
related to flux decline, we again mimicked flow decay by stepwise 
reduction of the pressure in absence of IgGs. Remarkably, the artificial 
flow decay did not cause the deep migration of viral particles as 
observed in the presence of 10 mg/mL IgG (Fig. 5A). This demonstrates 
that the physical presence of foulants in the feedstream directly pro-
motes the penetration of viruses into deeper layers of the Pegasus SV4 
membrane, possibly through pore competition and redirection of the 
flow to larger pores [10]. Under artificial flow decay, LRFs decreased in 
a delayed manner when compared to fouling-induced flux decline 
(Fig. 5B and C). This observation conforms with the diffusion-based 
model that the hydrodynamic force of the convective flow constrains 
virus particles in retentive voids until reaching a certain low-flow 
threshold with the subsequent breakthrough occurring in a 
time-dependent manner [12,56,57]. 

Taken together, these results reveal significantly different fouling 
mechanisms, as well as distinct impacts of fouling and flow rate on virus 
particle retention, depending on the membrane type. In asymmetric 
membranes with a defined pore size gradient, fouling through adsorp-
tion to the membrane can result in a gradual pore constriction across 
different membrane zones (Fig. 6). The shift of the pore size gradient 

Fig. 4. Filter fouling and parvovirus retention in Pegasus SV4 double layer membrane. A) Laser-scanning microscopy images of Pegasus SV4 double membrane cross- 
section after filtration of 1 mg/mL or 10 mg/mL IgG spiked with Atto-488 labeled IgG in a proportion of 1:100 and Atto-633 labeled MVM (63x objective). B) 3D 
analysis of intact double layer membrane segments after filtration of 10 mg/mL IgG (20x objective). Retention profiles of C) IgG foulants and D) MVM-633 in the first 
(left panels) and second (right panels) membrane layer based on ImageJ analysis [50]. E) Relative filter flow (J/J0) of different feedstreams. F) Log10 reduction 
factors (LRFs) determined by qPCR of virions in feed and filtrate samples. Graphs show one filtration per condition (n = 1). 
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towards the feed side, which apparently correlates with the degree of 
fouling, generates alternative selective layers upstream of the original 
parvovirus retentive zone with the capability to effectively retain the 
virus. Homogenous membranes with a fairly symmetric structure, 
however, only have a thin support layer upstream of the functional layer 
that can provide gradual capture of foulants and particles, thus pro-
tecting the actual retentive zone. (Fig. 6). Therefore, the capacity for 
beneficial pore constriction effects is limited in this membrane 
morphology and is more susceptible to feedstreams with high-fouling 
properties. 

Albeit negative fouling effects that promote deeper migration of 
particles were visually detectable in both filter types, they were more 
dominant in the nearly homogeneous filter structure when operating at 
high-fouling conditions. The membrane morphology of the Pegasus SV4, 
which lacks a strict rejection layer, provided effective virus retention 
under limited fouling and normal flow conditions; however, beyond a 
certain limit of fouling and low-pressure, negative effects appeared to 
combine synergistically, promoting deeper migration of filtered 

particulates in the retentive layer, resulting in a drastic decrease of the 
virus retention capacity (Figs. 5C and 6). In contrast, fouling-related 
deeper migration of MVM in the asymmetric Planova 20N was mainly 
apparent in the reservoir zone, while being less pronounced or 
compensated by pore constriction in the retentive layer. 

Finally, the comparison of VRPs analyzed after similar or different 
volumetric throughputs (Figs. 1D, 3A and 4D, Fig. 5A) [47] consistently 
demonstrated that differences in the retention of the viruses were 
associated to the tested fouling or flow conditions but not a consequence 
of variations in the total viral load. 

The preceding results were generated by using “standard” conditions 
of IgG in PBS, pH 7.4, to facilitate the comparison to previous studies 
[40,41]. However, from the perspective of process performance, these 
“artificial” conditions are known to be suboptimal for polyclonal IgGs, as 
the pH conditions overlap with the pI range of these molecules (pI 
6.5–9), which accordingly promotes intra- and intermolecular hydro-
phobic interactions and the formation of fouling particulates [11,33]. 

3.3. Impact of filter fouling under manufacturing-like conditions 

Conditions for manufacturing polyclonal human IgGs are selected to 
minimize self-association and irreversible hydrophobic interactions of 
the therapeutic product. Accordingly, VF is commonly carried out in the 
range of pH 4.5–5.5 to operate significantly below the IgGs pI. Highly 
pure IgG product intermediates and optimized conditions are essential 
as even minor portions of subvisual particulates in the feedstream can 
substantially limit virus filter performance [11,20,28]. Generally, pro-
tein concentrations of 5–20 mg/mL represent a reasonable compromise 
between throughput, flow, and fouling [29,35]. 

To investigate filter performance and virus retention in context of 
real manufacturing conditions, we conducted filtrations with a relevant 
IgG product intermediate (phosphate-acetate buffer, pH 4.8, ~10–14 
mg/mL IgG, 0.5 mS/cm). In both filters tested, the flux was similarly 
reduced to J/J0 = 0.5 and remained constant over the filtration process 
(Fig. 7A). The absence of significant flow decay demonstrates minimal 
irreversible fouling by this feedstream, while the reduction of flow can 
be mainly attributed to reversible fouling through electrostatic in-
teractions and solution viscosity [29,35]. 

Fouling of this IgG product intermediate could not be visualized by 
the Atto-488 bioconjugation considering the commonly used labeling 
approach is not compatible with the pH and buffer species of this solu-
tion. Nevertheless, the autofluorescence profile at 405 nm indicated no 
significant accumulation of foulants at a particular filter depth in both 
filters, which underlines the absence of detectable protein aggregates in 
this purified biotherapeutic product (Supplementary Fig. 4). 

Visualization of MVM within both filter membranes revealed a ten-
dency for an earlier retention of the virus compared to PBS only, sug-
gesting an increased stringency in size-based sieving caused by pore 
constriction under these manufacturing-like conditions (Fig. 7C and D). 

Fig. 5. Effect of flow decay on parvovirus retention in Pegasus SV4 filter. A) 
Comparison of MVM retention profiles in filter membrane layers after gradual 
reduction of pressure (PBS, flow decay) to mimic fouling-induced flow decay 
obtained during filtration of 10 mg/mL IgG in PBS. B) Detected flow decay as 
consequence of gradual pressure reduction or fouling by 10 mg/mL IgG. C) 
Log10 reduction factors (LRFs) of MVM determined by qPCR. Graphs show one 
filtration per condition (n = 1). 

Fig. 6. Schematic depiction of observed fouling ef-
fects on virus retention in distinct membrane mor-
phologies. Solid line indicates expected pore size 
gradient of pristine Planova 20N and Pegasus SV4 
membranes as based on current results and previous 
reports [46,47,53,54,58]. The strict rejection layer 
constitutes pore sizes uniformly smaller than the 
parvovirus diameter (MVM), which excludes deeper 
migration of viruses also under challenging condi-
tions [47]. Dashed green line illustrates suggested 
pore size gradient as a consequence of fouling-related 
pore constriction, leading to backshifted particle 
retention. Red arrows combine for direct fouling ef-
fects as pore competition, pore blockage, redirection 
of flow to larger pores, as well as indirect impact of 
flow decay, which together promote deeper migration 

of particulates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)   
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In fact, increased adsorption of IgG to the membrane through electro-
static interaction can be anticipated based on the measured zeta- 
potentials at this pH [35,39]. Interestingly, mobilization effects and 
deeper migration of MVM in the reservoir zone of the Planova 20N were 
still evident in comparison to the minor peak observed in PBS only, 
implying remaining opposing effects by the product on virus capture 
within the membrane. Besides the size-based fouling mechanisms, 
additional effects due to adsorptive interactions between the virus, the 
membrane, and the therapeutic protein may further contribute to an 
altered virus retention under these conditions. In agreement with the 
backshift of virus retention towards the feed side, virus removal in both 
filters was found to be more effective in this product feedstream, indi-
cating no detectable virions in the filtrate fractions (Fig. 7B). 

In summary, the performance of both filters improved significantly 
under manufacturing-like conditions of a relatively pure IgG product 
intermediate when compared to results using a research-grade poly-
clonal IgG sample in PBS, pH 7.4. These findings exemplify that care 
should be taken when drawing conclusions from basic research studies 
on membrane fouling to relevant manufacturing conditions. Neverthe-
less, both approaches are needed to obtain a complete picture of the 
process, a deep understanding of the individual factors at defined 
“standard” conditions, as well as the visualization of the virus in a 
representative, but complex product feedstream. 

4. Conclusion 

The objective of this work was to gain mechanistic insights into 
protein fouling and its effect on virus retention by using the relevant 
parvovirus model MVM, which is commonly used in validation studies 
performed in biopharmaceutical industry settings. The visualization of 
IgG fouling species within two distinct virus filter membranes revealed 
the occurrence of characteristic fouling phenomena, such as gradual 
pore constriction and internal cake formation, which strongly depended 
on the membrane morphologies and conditions. Dissecting the effect of 
flow decay and fouling demonstrated a significant impact on the virus 
retention due to the presence of protein foulants, illustrating a transition 
to a membrane pore structure with altered virus selective properties. 
While both tested filter membranes showed effective virus retention 
under low-fouling or manufacturing-like conditions, fundamental 

differences in virus clearance performance were found when challenged 
with a high-fouling feedstream. The results suggest a complex interplay 
of different fouling phenomena with synergistic or opposing effects on 
particle retention. Future studies are warranted to better dissect the 
impact of these factors and thus to gain further insights into the un-
derlying mechanisms. A better understanding of the process will help to 
optimize the performance and virus retention capacity of virus filter 
membranes, facilitating a cost-effective downstream process and high 
safety of biotherapeutic products. 
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Fig. 7. Virus filtration of a relevant IgG product intermediate in Planova 20N and Pegasus SV4 filters. A) Detected flux during filtration of a IgG product intermediate 
representing a relevant feedstream in manufacturing. B) Log10 reduction factors (LRFs) of MVM determined by qPCR. MVM retention profiles in (C) Planova 20N and 
(D) Pegasus SV4 filter membranes after filtration of a IgG product intermediate in comparison to PBS. Graphs show one filtration per condition (n = 1). 
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