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A B S T R A C T   

Virus filtration is a highly effective method in the downstream processing of biotherapeutic products to provide 
effective removal of potential infectious agents based on a size exclusion mechanism. The direct visualization of 
viruses retained inside the filter membrane represents a valuable tool to get a deeper understanding of the 
filtration process and to explain observations of virus breakthrough under particular operating conditions. 
Parvoviruses, which are used as worst-case models in validation studies, were purified and labeled with fluo
rescent dyes to detect their retention pattern inside the filter membrane using laser scanning microscopy. Critical 
factors influencing the reproducibility and accuracy of the approach were identified and optimized. The reten
tion profiles revealed detectable differences between viruses, suggesting that the use of bacteriophages or 
nanoparticles as surrogates is limited in their applicability to accurately predict the behavior of parvoviruses in 
filter membranes. The established method enables a direct and quantitative analysis of the virus retention profile, 
adding a valuable tool to the conventional measurement of the viral load reduction to better understand the 
mechanism underlying the removal of viruses during nanofiltration of biotherapeutic products.   

1. Introduction 

The production of biotherapeutics relies on biological resources such 
as cultured cells or donated blood plasma, which carry the inherent risk 
to be contaminated with viral agents. Mammalian cells used for the 
production of recombinant proteins such as monoclonal antibodies are 
known to spontaneously express endogenous retrovirus-like particles 
[1]. Adventitious contaminations of viruses on the other hand can be 
introduced into the cell culture by raw materials. In the case of 
plasma-derived biotherapeutics, the risk involves plasma-borne viruses 
that may potentially enter the manufacturing process despite the sys
tematic monitoring of donors and screening of the donations. Therefore, 
the manufacture of biotherapeutic products includes dedicated process 
steps to inactivate or remove potential viral contaminants. Inactivation 
of viruses can be achieved by established methods such as low pH, 
solvent/detergent or heat treatment [2,3]. However, the efficacy and 
applicability of these treatments depend on the virus and the therapeutic 
molecule, respectively [4]. 

Nanofiltration retains viral capsids on a size-based sieving mecha
nism and is the most robust and effective downstream method to achieve 
viral clearance [5]. Virus filter membranes consist of hydrophilized 

polymers like poly(vinylidene fluoride) (PVDF), polyethersulfone (PES) 
or regenerated cellulose (RC) [3], constituting a complex network of 
voids and capillaries with a nominal pore size significantly smaller than 
most viruses. 

Parvoviruses are considered the smallest potential viral contami
nants that may be present in the manufacture of biological products. The 
rodent parvovirus minute virus of mice (MVM) has repeatedly caused 
contaminations of bioreactors for recombinant protein expression due to 
its ability to replicate in the commonly used Chinese hamster ovarian 
(CHO) cells [6,7]. Human parvovirus B19 (B19V), which establishes 
high-level viremia and shows a high prevalence worldwide [8], repre
sents a relevant risk to plasma-derived medicinal products. 
Parvovirus-grade filter membranes typically have a nominal pore size 
around 18–20 nm, which is smaller than the outer capsid diameter of 
parvoviruses (27–28 nm) [9–11], but larger than biotherapeutic prod
ucts like immunoglobulins isotype G (IgG) (10–12 nm) [12,13]. Due to 
their small size and high stability against physicochemical inactivation, 
parvoviruses such as canine parvovirus (CPV), porcine parvovirus (PPV) 
or MVM represent the worst-case virus challenge in validation studies to 
demonstrate viral clearance [14,15]. 

Virus filtration studies are commonly based on measurements of the 
viral load reduction between feed and filtrate and expressed as the 
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logarithmic reduction value (LRV) of the virus titer. The LRV provides a 
reliable information regarding the removal of the infectious virus and 
hence is used to validate the pathogen safety of biotherapeutics. How
ever, the measurement of the LRV relies on the detection of a very small 
proportion of viruses in the filtrate (<0.01%), while the great majority 
of the viral particles are retained in the filter (>99.99%) and remain 
undetectable with this method. Therefore, the LRV alone can only pro
vide partial information about the mechanism of retention of viruses in 
the membrane. To better understand the mechanisms underlying virus 
retention, there is a need to obtain a more complete picture of the 
nanofiltration process. 

Different approaches have been reported to visualize the retained 
particles inside the filter membrane. This can most conveniently be 
achieved by means of artificial nanoparticles, like gold particles [16–18] 
or fluorescently labeled nanospheres [19], which have a defined average 
size and are easily detected in the filter membrane either by electron 
microscopy (EM) or by fluorescence microscopy. In recent studies, gold 
nanoparticles and EM have been employed to analyze the correlation 
between the pore size distribution and virus breakthrough [20], and to 
understand the phenomenon of membrane fouling [21]. 

Other studies used laser scanning microscopy (LSM) to detect fluo
rescently labeled bacteriophages in the filter membrane [22,23]. This 
technique allows a fast and reproducible visualization of the particle 
retention patterns independently from other proteins in the feedstream 
and offers the possibility for co-spiking in the same filtration experiment 
by means of different fluorescent dyes. This method fundamentally 
helped to understand viral breakthrough during depressurization events 
and particle retention during membrane fouling [24,25]. Small bacte
riophages such as PP7, MS2 or ΦX174 are used as surrogates in filter 
research and development, as they have a similar size as parvoviruses, 
but can more easily be propagated in prokaryotic cell cultures, thus 
facilitating the virus preparation and detection. Nevertheless, studies 
based on bacteriophages remain a research tool and are not accepted for 
regulatory submissions. To ensure the robustness of the virus filtration 
step with a realistic contaminant, the use of parvoviruses is required 
[26]. 

Direct visualization of nanoparticles and bacteriophages is very 
useful to improve the understanding of the retention mechanism of small 
particles in the parvovirus-grade filter membranes, but it remains un
known whether these model particles appropriately reflect the behavior 
of parvoviruses during filtration and whether they can accurately pre
dict the critical separation-active layer in the membrane. Different 
previous studies have demonstrated that the retention of small viruses, 
which have a diameter close to the nominal pore size of the filter, is not 
only determined by size, but also depends on interactions of the capsid 
surface with the membrane or the biotherapeutic product. These in
teractions are characteristic for a particular virus, filter membrane, 
filtration conditions and specific product used [27–29]. In line with this, 
significant differences in breakthrough were detected between the 

related parvoviruses MVM and CPV in two different product feedstreams 
[15]. Interestingly, the differences observed were also influenced by the 
filtration conditions and material of the filter membrane. Taken 
together, these studies conclude that each product and process condition 
need to be evaluated on a case-by-case basis and that in this context even 
parvovirus models cannot be interchangeably used. 

However, studies to get an accurate and deep understanding of the 
retention mechanism of parvoviruses have been limited, which is mainly 
attributed to the challenge to obtain sufficient amounts of pure virus 
stocks. In the past decade, only a few studies achieved to visualize the 
retention of parvoviruses in filters using transmission electron micro
scopy (TEM) and immunodetection of B19V [17,30] or PPV [31]. The 
detection of viral particles by TEM represents an interesting research 
tool, but is not a practical method to determine virus retention profiles 
representative for manufacturing conditions. 

Previous virus filtration studies observed significant differences in 
parvovirus retention depending on particular filtration conditions. 
However, these observations are poorly understood due to the limited 
information obtained from the conventional viral load reduction mea
surements. To better explain these differences, it is essential to visualize 
the retained parvoviruses in the membrane using a technique that is 
compatible with a wide range of operating conditions. The objective of 
this work was to establish and validate a method to accurately detect the 
retention profile of fluorescently labeled parvoviruses MVM and CPV in 
filter membranes using LSM and thus to provide the first insights into the 
filtration of these worst-case parvoviruses. 

2. Materials and methods 

2.1. Cells and viruses 

Minute virus of mice prototype strain (MVMp) was obtained from 
ATCC and CPV strain Witte originated from Hoechst Roussel Vet GmbH. 
A plasmid encoding the bacteriophage MS2 coat protein for the 
expression of recombinant MS2 virus-like particles (VLPs) was pur
chased from GenScript (Nanjing, China). Mouse A9 fibroblasts were 
obtained from ATCC and cultured in Dulbecco’s modified Eagle’s me
dium (DMEM), 5% fetal calf serum (FCS). Crandel feline kidney (CrFK) 
cells were kindly provided by T. Nowak (CSL Marburg, Germany) and 
cultured in Eagle’s minimal essential medium (EMEM), 10% FCS. Both 
mammalian cell cultures were grown at 37 �C, 5% CO2. Competent BL21 
(DE3) E. coli cells were obtained from Qiagen (Germany) and cultured in 
lysogeny broth medium. 

2.2. Purification of parvoviruses MVM and CPV 

Preparation of highly pure parvoviruses was adapted from a previ
ously published method [32,33]. Semi-confluent mouse A9 fibroblasts 
and CrFK cells were infected with a high multiplicity of infection of 
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MVM and CPV, respectively, and harvested 3 days post-infection (dpi) 
before extensive cell lysis occurred. Cells were washed five times with 
phosphate-buffered saline (PBS) to remove remaining serum-containing 
medium and then lysed by three freeze and thaw cycles in 5 mL PBS per 
T-150 cell culture flask. In contrast to previous approaches, only buffers 
at neutral pH and without ethylenediaminetetraacetic acid (EDTA) were 
applied to avoid premature uncoating of viruses [34]. Cell lysate was 
cleared by low-speed centrifugation at 3000�g for 10 min at 4 �C, and 
incubated with 0.1% Nonidet-P40 (NP-40) for 1 h at 4 �C. The suspen
sion was passed through 0.45 μm and 0.22 μm filters, layered on a 20% 
sucrose cushion in PBS, 1 mM MgCl2, 0.1% NP-40 provided in an 
OptiSeal Tube (Beckman Coulter, USA) and ultracentrifuged at 
150000�g for 3 h at 4 �C in a Ti70 rotor (Beckman Coulter). The pellet 
was resuspended in 1 mL bottom fraction, diluted with PBS (1:1) and 
ultracentrifuged again on a 20% sucrose cushion in PBS, 1 mM MgCl2 at 
150000�g for 3 h at 4 �C in a TLA 100.3 rotor (Beckman Coulter). 
Fractions were collected from the top for virus quantification and purity 
analysis. 

2.3. Expression and purification of recombinant MS2 VLPs 

Expression and purification of MS2 VLPs was performed as previ
ously described [35]. A plasmid vector with MS2 coat protein insert 
downstream of a T7 promoter was transformed into BL21(DE3) cells and 
selected with ampicillin. Overnight starter culture was diluted and 
grown to an optical density (OD600) of 0.4 to induce MS2 coat protein 
expression with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 
16 h. Cell pellets were collected, resuspended in PBS and lysed by three 
freeze and thaw cycles and sonication on ice (15 � 10 s). The lysate was 
cleared by centrifugation at 10000�g for 30 min at 4 �C. The superna
tant was treated with 0.1% NP-40 and ultracentrifuged on a 20% sucrose 
cushion, PBS, 0.1% NP-40 at 150000�g for 3 h at 4 �C. MS2 VLPs in the 
pellet were resuspended in the bottom fraction, diluted in PBS (1:3) and 
layered on a continuous iodixanol gradient (5–60% in PBS) for ultra
centrifugation at 150000�g for 20 h at 4 �C in a SW-41 rotor. Fractions 
were collected for VLP quantification and purity analysis. 

2.4. Parvovirus quantification by qPCR 

Concentration of parvovirus virions was determined by quantitative 
polymerase chain reaction (qPCR) using the Luna qPCR mix (New En
gland Biolabs, USA) and virus-specific primers as previously described 
[36]. MVM: forward (50-GACGCACAGAAAGAGAGTAACCAA-30 from 
nucleotides 231 to 254) and reverse 
(50-CCAACCATCTGCTCCAGTAAACAT-30 from nucleotides 709 to 732), 
resulting in a 501 base pair amplicon. CPV: forward 
(50-GACTTAGAGACACAAGCGGCAAG-30 from nucleotides 1741 to 
1763) and reverse (50-TGCCATCGTACCTTAATCCAAGTCG-30 from nu
cleotides 1995 to 2019), resulting in a 278 base pair amplicon. External 
standards for the respective viruses were generated using the infectious 
clone of MVM [37] or by cloning an insert of the CPV NS1 gene (nu
cleotides 1695 to 2048) into a plasmid vector. Amplification and 
real-time detection of the PCR reaction was performed using the CFX96 
Real-Time system (Bio-Rad, USA). 

2.5. Quantification of viral capsids 

qPCR or infectivity assays are not optimal for an exact particle 
quantification as the preparation of parvoviruses from cell culture usu
ally contains a major proportion of empty capsids [38,39]. To evaluate 
the total number of viral capsids, virus proteins were quantified by ab
sorption at 280 nm (A280) using NanoDrop (Qiagen, Germany) and 
densitometric analysis of Coomassie-stained sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) referring to a known 
bovine serum albumin (BSA) concentration for calibration. 

2.6. Integrity testing of viral capsids 

Bacteriophage MS2 VLPs were analyzed by agarose gel electropho
resis (AGE) and SYBR Gold staining (Thermo Fisher, USA) as previously 
described [35,40]. The capsid stability and integrity of parvoviruses was 
tested by a fluorometric assay [41], measuring the 
temperature-dependent SYBR Gold intercalation into the viral genome. 
Parvovirus capsids are very compact and hence exclude intercalating 
dyes in their native conformation, but a signal increase is observed when 
the genome is exposed under denaturing conditions. SYBR Gold (0.5 �
concentration) was added to 5 � 109 MVM virions at 4 �C in 20 μl PBS 
and fluorescence (λex 495 nm; λem 520 nm) was detected with the CFX96 
Real-Time system as function of the temperature increase (2 �C/min). To 
consider changes in fluorescence due to the temperature-dependent 
melting of the DNA and the background signal of unbound SYBR Gold, 
the signal was normalized to the temperature-dependent baseline signal 
of denatured virions as previously described [41]. 

2.7. Labeling of viruses with amine-reactive Atto dyes 

Purified virus suspensions were adjusted to 0.2–1 mg/mL virus 
protein in PBS, pH 7.4 and incubated with 50 μM of amine-reactive N- 
hydroxy-succinimide ester-modified Atto dyes (NHS-Atto; Atto-Tec, 
Germany) for 1 h at room temperature and overnight at 4 �C. The re
action was quenched by adding 50 mM Tris-HCl, pH 8, for 15 min at 
room temperature. Labeled virions were separated from non-reacted 
dyes by an additional ultracentrifugation on a 20% sucrose cushion in 
PBS, 1 mM MgCl2 as describe above. The degree of labeling (DOL) was 
determined according to the manufacturer’s instructions and as previ
ously described [22,42], analyzing the absorption of the labeled viruses 
at A280 with the extinction coefficient of the viral proteins and maximal 
absorption (Amax) of the corresponding fluorescent dye. DOL per capsid 
was calculated with respect to the number of proteins per capsid (MVM: 
60; MS2 VLPs: 180). UV-VIS spectrum of conjugated fluorophore in 
comparison to free dye only showed a minor proportion of blue-shifted 
absorption due to self-quenching of aggregated dye (maximal 22%) even 
at high DOL per capsid [43]. Virus-specific labeling and accuracy of 
spectroscopic DOL measurement was further confirmed by 
Coomassie-stained SDS-PAGE and mass spectrometry of Atto-633 
modified MS2 VLPs. Mass spectrometry of ZipTip C18 purified 
MS2-633 was performed by matrix-assisted laser 
desorption/ionization-time-of-flight (MALDI-TOF) in the positive ion 
mode using alpha-cyano-4-hydroxycinnamic acid (CHCA) as matrix. 

2.8. Dynamic light scattering of purified viruses 

To determine the hydrodynamic radius of viral particles by dynamic 
light scattering (DLS), the virus suspensions were additionally purified 
by ultrafiltration using Amicon filters with a 100 kDa cutoff (Merck 
Millipore, USA). Samples were diluted 1:10 in PBS and concentrated 
three times to remove remaining additives that could potentially inter
fere with the DLS measurement. Purified samples were analyzed at 25 �C 
using the Zetasizer Nano S instrument (Malvern Instruments, UK). The 
mean hydrodynamic diameter of the viral particles was calculated on 
the intensity-based size distribution (Supplementary Fig. 1A and B). 

2.9. Anion exchange chromatography 

Anion exchange chromatography (AEX) experiments were carried 
out on a €AKTApurifier 10/100 UPC-900 chromatography system sup
ported by the Unicorn software (GE Healthcare Life Sciences, USA), and 
using a Mono Q HR 5/5 AEX column (5 � 50 mm). Purified virus sus
pensions were spiked into 80 mM BisTris buffer, 40 mM NaCl, pH 7, and 
injected into a 4 mL loop. The AEX was conducted at a flow of 2.5 mL/ 
min at 10 �C, and 200 μL fractions were collected in 96-well plates 
(Supplementary Fig. 2). Elution of the viral particles was induced with 
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an increasing salt gradient up to 2 M NaCl in 80 mM BisTris, pH 7. 
Elution of proteins was measured during the AEX by absorption (A280). 
Fluorescence in the fractions was detected with the Microplate Reader 
Infinite M1000 Pro (Tecan, Switzerland). 

2.10. Nanofiltration of Atto-labeled viruses 

All filtrations were performed in dead-end mode using commercially 
available 47 mm Pegasus SV4 filter membranes (Pall Corporation, USA) 
of the same filter lot and following the manufacturer’s instructions. 
Wetted filter membranes were fixed in a polycarbonate filter holder with 
a filtration area of 12.5 cm2 (Sartorius, Germany) downstream of a 
pressurized feed vessel. All filtrations were carried out at room tem
perature (21–25 �C) and constant pressure of 2.1 bar. Each filter was 
checked for filter flow and integrity before use. For virus filtration ex
periments, 10 mL PBS were spiked with 1 μg of different virus capsids, 
corresponding to 1.5 � 1011 parvoviruses or 2.4 � 1011 MS2 VLPs. In 
order to remove potential aggregates in the feed, virus-spiked PBS was 
filtered through a 0.1 μm PVDF filter (Merck Millipore, USA) prior to 
nanofiltration. Analysis by qPCR and dot blot did not show any signif
icant decrease of MVM, CPV or MS2 VLPs by the 0.1 μm pre-filtration 
(Supplementary Fig. 4A). Filtration was performed until the feed vol
ume passed and flow stopped. Virus filter membranes were dried for 1 h 
at room temperature to dry-fix particles in the membrane. 

2.11. Post-filtration staining of retained viruses 

To label the retained viruses in the membrane after filtration, the 
dried membrane was rehydrated with PBS, pH 7.4 and incubated with 
50 μM lysine-reactive NHS-Atto-542 for 16 h at room temperature. The 
membrane was rinsed three times and washed ten times for 30 min with 
PBS to remove non-reacted dye. 

2.12. Determination of the virus retention profile using LSM 

Membrane pieces of about 8 � 8 mm were cut out, rehydrated using 
10% glycerol in PBS, mounted between a microscope glass slide and 
coverslip, and sealed with nail polish. Mounted membrane samples were 
analyzed using the laser scanning microscope 880 with a 63 � magni
fication objective (Carl Zeiss, Germany). Lasers were run at 2% trans
mission and detector gain was set using the range indicator to establish 
an appropriate signal-to-noise ratio. The membrane was scanned with 
one optical section per micrometer, averaged bi-directional scan, 16-bit 
depth, and a scan speed of 9. To accurately set the membrane di
mensions, the autofluorescence of the PVDF membrane at λex 425 nm; 
λem 485 nm was measured. Acquired data was processed with the ZEN 
program for three-dimensional reconstruction, moderate digital 
enhancement of the signal and virtual cross-sectioning of the scanned 
filter segment. Cross-sections of multiple acquisitions (n � 3) were 
exported as TIFF images and analyzed with ImageJ program [44] and 
GraphPad Prism to obtain retention profiles with confidence intervals as 
a function of the filter depth. 

2.13. Quantification of parvovirus reduction by qPCR 

The viral load was detected in feed and pooled filtrate samples by 
qPCR with or without nuclease treatment before DNA extraction as 
previously described [45,46]. Nuclease treatment of virus samples in 
PBS was conducted with 4000 U/mL micrococcal nuclease (New En
gland Biolabs) in the manufacturer’s 1 � nuclease buffer, 1 � BSA and 
additional 10 mM CaCl2 for 1 h at 37 �C. EDTA (20 mM) was added to 
stop the nuclease digestion and to resolve calcium phosphate pre
cipitations. Effectiveness of the nuclease digestion was confirmed by 
spiking representative amounts of infectious clone plasmids into the 
reaction, showing a reduction of naked DNA by more than 3.6 log10 in 
the used filtration buffer (Supplementary Fig. 4B). DNA was extracted 

(DNeasy Blood and Tissue Kit; Qiagen, Germany) and quantified by PCR 
as described above. The qPCR was designed to be virus-specific, thus 
allowing the comparison of MVM and CPV in co-spiking filtration ex
periments (Supplementary Fig. 4C). LRVs of the viral load was calcu
lated according to previous reports [45,46]. 

2.14. Detection of MS2 VLPs by dot blot after virus filtration 

To detect low amounts of MS2 VLPs by dot blot, feed and filtrate 
samples were concentrated 1000-fold using centrifugal ultrafiltration 
(100 kDa, Amicon) and spotted on a nitrocellulose membrane. MS2 
proteins were detected with an anti-MS2 coat protein antibody (rabbit, 
Millipore) and horse-radish peroxidase (HRP)-labeled anti-rabbit anti
body (goat, Dako). Chemiluminescence detection was performed with 
SuperSignal Femto Substrate (Thermo Fisher) and Amersham Hyperfilm 
ECL (GE Healthcare). 

To determine the LRV, duplicates of feed samples were spotted as 
0.25 log10 dilutions on the nitrocellulose as reference standard. To 
ensure a comparable ultrafiltration efficiency for MS2 VLPs in feed and 
filtrate samples, feed samples were pre-diluted by 3.5 log10 to obtain a 
similar MS2 protein starting quantity as in filtrate samples. LRVs were 
calculated based on densitometric determination of MS2-positive dots 
and calibration using the ImageJ program [44]. Detection limit of the 
dot blot method was an LRV of 4.5 log10. 

3. Results and discussion 

Direct insight into parvovirus nanofiltration is needed to better un
derstand critical factors that influence the virus retention during a 
worst-case scenario in the manufacturing of biotherapeutics. The aim of 
this study was to establish and validate a method to visualize fluo
rescently labeled parvoviruses inside the virus filters by using LSM to 
characterize their retention profile. 

3.1. Purification and concentration of parvoviruses 

While bacteriophages can easily reach high titers by expression in 
prokaryotic cells, mammalian viruses as parvoviruses generally show a 
significantly lower yield in the corresponding cell culture systems. 
Therefore, a major challenge of this study was to obtain sufficient 
amounts of parvoviruses with a high purity for an efficient and specific 
labeling. According to previous protocols [32,33], we collected intra
cellular parvoviruses MVM and CPV 3 dpi when cytopathic effects were 
visible but before extensive lysis of the cells occurs. To concentrate and 
purify viral capsids, we employed two ultracentrifugation steps through 
20% sucrose cushions, enriching the viruses based on their higher capsid 
buoyant density compared to cellular impurities. The virus concentra
tion in the ultracentrifugation fractions was determined with qPCR, 
showing a final enrichment of parvoviruses in the second pellet fraction 
of 100-fold (Fig. 1A and B). SDS-PAGE and Coomassie stain analysis 
indicated that parvoviruses were specifically concentrated with this 
method while cellular contaminants were effectively removed to almost 
undetectable levels (Fig. 1C). 

The purity of the virus is an essential requirement to ensure a 
reproducible virus-specific labeling and to eliminate artifacts in the 
detection, as the amine-reactive fluorescent dye would crosslink to viral 
capsids as well as to protein impurities. Furthermore, working with pure 
virus stocks allows an accurate quantification of the viral particles for 
appropriate virus spiking in the filtration experiments [47], and mini
mizes unwanted fouling effects caused by remaining cellular impurities 
such as host cell proteins and DNA [26,33,48–50]. 

3.2. Preparation of pure bacteriophage MS2 VLPs 

Small bacteriophages are frequently employed as parvovirus surro
gates due to their low cost and ease of production [51]. To evaluate 
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whether bacteriophages accurately reflect the retention of relevant 
parvoviruses in filter membranes, it was of interest to include one of 
these surrogates in our study. To this end, we prepared VLPs of bacte
riophage MS2 by recombinant expression of the MS2 coat protein (13.6 
kDa) in E. coli. MS2 VLPs share most physicochemical properties with 
native MS2 bacteriophages, as the particles consist of the same coat 
protein and only lacks the encapsidated viral ssRNA genome and the 
maturase protein. The VLPs encapsidate some cellular RNA during 
expression, rendering the particles detectable for intercalating dyes such 
as SYBR Gold. The recombinant production of VLPs represents a 
convenient alternative to native bacteriophages, as this approach offers 
an inducible and well-controlled overexpression of particles. To obtain 
highly pure viral particles, MS2 capsids were purified by one sucrose 
cushion ultracentrifugation (Fig. 2A) and one iodixanol density gradient 
ultracentrifugation (Fig. 2B). 

3.3. Identity and integrity of viruses 

To verify the identity of parvoviruses and MS2 VLPs, we used virus- 
specific qPCR (Fig. 1A and B), Western Blot and AGE (Fig. 2C and D). 
Furthermore, we controlled the integrity of the viral particles prior to 
labeling as defective viruses may show an altered retention in the 
filtration experiments. The sucrose cushion ultracentrifugation (Fig. 1A 
and B) and the additional iodixanol density gradient ultracentrifugation 
(Figs. 2B and 3A) confirmed the integrity of the virus particles as the 
capsids pelleted and migrated with the typical buoyant density of intact 
viruses [39]. The staining of heat-denatured iodixanol fractions with 
SYBR Gold showed only significant signal in the MVM containing 

fractions, demonstrating that the viral preparation did not contain 
nucleic acid contaminants besides the encapsidated viral genomes 
(Fig. 3A). 

The integrity and stability of the parvovirus particles was addition
ally corroborated by exclusion of SYBR Gold from the native parvovirus 
capsids and temperature-dependent signal increase due to genome 
exposure, as previously reported with Dependoparvoviruses (Fig. 3B) 
[41]. In contrast, SYBR Gold entered the MS2 VLPs through the larger 
pores present in the capsid of this virus [52] in a 
temperature-independent manner. The exclusion of intercalating dyes 
from MVM virions demonstrates that pre-labeling with SYBR Gold is not 
applicable for parvoviruses, as it has previously been employed for 
bacteriophages [23] and further emphasized the important structural 
differences between bacteriophages and parvoviruses. In the native 
AGE, MS2 VLPs migrated at the expected distance and were resistant to 
Benzonase (Fig. 2D), confirming an intact capsid structure [35,40]. 

3.4. Labeling of viruses with fluorescent dyes 

The objective of the fluorescent labeling was to achieve sufficient 
modifications for a convenient detection of the virus, but without 
significantly changing the physicochemical properties of the capsids, 
which would affect the viral retention in the filter membrane. Purified 
viral particles were labeled with different amine-reactive NHS-Atto dyes 
(Table 1) in PBS at pH 7.4. 

Non-reacted fluorophores were separated from labeled viruses by an 
additional sucrose cushion ultracentrifugation step. Since modifications 
of the capsid surface can potentially alter the charge and size of the 

Fig. 1. Purification of parvoviruses MVM and CPV. A) Purification of MVM from A9 cell lysate three days post-infection by sucrose cushion (20%) ultracentrifugation 
and detection of viral genomes in sampled fractions by qPCR. Fractions were taken from the top towards the bottom of the tube (0–30 mL). B) MVM detected in 
fractions from a second sucrose cushion ultracentrifugation in 2.5 mL (qPCR). C) Coomassie-stained SDS-PAGE of supernatant and pellet fractions of both sucrose 
ultracentrifugations and (D) final parvovirus stocks of MVM and CPV. 
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virus, the DOL per capsid is a critical parameter to be controlled to 
obtain reproducible results. The DOL per capsid was quantified by 
spectrometric analysis as previously described based on the absorption 
of proteins and fluorescent dyes (Table 2) [22,42]. 

Labeling of MVM with 50 μM NHS-Atto-633 resulted in 16.8 fluo
rophores per virus (MVM-633), which corresponds to 0.21% of the 
capsids mass. Comparable labeling efficiencies of MVM and MS2 VLPs 
were achieved with NHS-Atto-542 and NHS-Atto-488 fluorophores 
(DOL 14.7–21.7) using the same dye concentration (Table 2). An about 
three times lower labeling (MVM-6331/3; DOL per capsid ¼ 4.9) was 
obtained with 10 μM fluorophore in the labeling reaction. Interestingly, 
labeling of MS2 VLPs with 50 μM of NHS-Atto-633 resulted in 37.2 
modifications per capsid. The high DOL per MS2 particle with Atto-633 
can be explained by the large pores present in the bacteriophage capsid, 
allowing this particularly small and positively charged dye to enter 
similar to SYBR Gold (Fig. 3) and crosslink also with lysines in the 
interior of the particle. However, an influence of the additional Atto-633 
labeling on the physicochemical properties of the MS2 VLPs can be 
excluded as an internal modification does not modify the size or surface 

characteristics of the virus. 
Furthermore, the virus-specific labeling and DOL were controlled by 

SDS-PAGE and mass spectrometry (Fig. 4). 
The SDS PAGE of Atto-633 labeled MVM indicates virtually the same 

migration of MVM-6331/3 proteins compared to non-modified MVM 
proteins (Fig. 4A). In contrast, MVM-633 proteins show a detectable but 
only minor mass shift in the SDS PAGE. Taken together, the visual 
analysis confirms the virus-specific labeling with a limited number of 
dyes per MVM capsid. Since the MS2 coat protein (13.6 kDa) has a 
smaller mass compared to MVM viral proteins (62–80.1 kDa), the Atto- 
633 modification of an MS2 coat protein can be detected by a significant 

Fig. 2. Expression and purification of bacteriophage MS2 virus-like particles 
(VLPs). A) SDS-PAGE of recombinantly expressed MS2 VLPs purified from 
E. coli cell lysate by sucrose cushion ultracentrifugation and (B) iodixanol 
gradient (5–60%) ultracentrifugation. Fractions 2, 8, 14 and 20 were selected to 
represent the entire iodixanol gradient (22 fractions total). Peak of protein 
content was detected in fraction 14. C) Western blot of the iodixanol gradient 
fraction 14 using an anti-MS2 antibody and HRP-labeled secondary antibody. 
D) Agarose gel electrophoresis (1.2%) of selected iodixanol fractions stained 
with SYBR Gold. Lane 6 and 7 show samples of fraction 14 treated with heat 
(95 �C, 5 min) or Benzonase (1 U), respectively. 

Fig. 3. Fluorometric SYBR Gold assay of purified MVM and MS2 VLPs. A) 
Iodixanol gradient ultracentrifugation (5–60%) of purified MVM and detection 
of MVM genomes by qPCR and by SYBR Gold after denaturation of samples by 
heat treatment (95 �C). B) Fluorometric assay based on SYBR Gold intercalation 
to test the integrity and stability of parvovirus capsids. Detected signal of SYBR 
Gold in purified MVM virions (fraction 17) and MS2 VLPs (fraction 14), shown 
by the relative fluorescence (RFU) as a function of temperature increase (2 �C/ 
1 min). Relative fluorescence was normalized to baseline signal of a denatured 
virus samples. 

Table 1 
Overview of amine-reactive N-hydroxysuccinimide modified Atto-fluorophores 
(NHS-Atto) used to label capsids for virus filtrations. Δm: increase of molecu
lar mass on conjugation with dye; Δq: increase of electrical charge on conju
gation with dye [53].  

Fluorophores Δm (Da) Solubility Δq Stability 

NHS-Atto-425 383.4 moderately hydrophilic 0 stable 
NHS-Atto-488 570.6 very hydrophilic � 1 stable 
NHS-Atto-520 349.5 hydrophobic þ1 colorless pH > 7 
NHS-Atto-542 893.0 very hydrophilic � 3 stable 
NHS-Atto-610 373.5 moderately hydrophilic þ1 stable at pH 2 - 8 
NHS-Atto-633 534.7 moderately hydrophilic þ1 stable  
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mass shift on the SDS-PAGE (Fig. 4B) as well as with MALDI-TOF mass 
spectrometry (Fig. 4C). Quantification of the shifted population showed 
a similar DOL determined by the different analytical methods used: SDS- 
PAGE (DOL ¼ 45.5), MALDI-TOF (DOL ¼ 44.5) and UV-VIS absorption 
(DOL ¼ 37.2). 

To evaluate whether the type of labeling may influence the retention 
of the virus, we labeled the viruses with six different dyes, each with 
characteristic properties regarding mass, hydrophobicity and charge 
(Table 1). 

3.5. Size and capsid surface electrostatics of labeled viruses 

To determine whether the modification of the viruses with a limited 
number of fluorophores significantly changed the size or surface elec
trostatics of the capsids, we analyzed the labeled viruses by dynamic 
light scattering (DLS) and anion exchange chromatography (AEX), 
respectively. The DLS measurement of the virus suspensions showed a 
single peak in the volume-based size distribution, confirming a mono
disperse and pure virus preparation (Supplementary Fig. 1B and D). The 
comparison of non-labeled with labeled viruses revealed no significant 
increase of the hydrodynamic diameter of the capsids, which reflects the 
apparent size of the hydrated viral particles in solution (Table 2, 

Table 2 
Characterization of the labeled viruses used for nanofiltration. The degree of labeling (DOL) was determined by the spectrometric absorption of the proteins and dyes. 
ΔMW (%) indicates the calculated increase of the capsid mass based on the DOL, shown as percentage of total capsid mass (MVM, 4.2 MDa; MS2 VLPs, 2.5 MDa). The 
hydrodynamic diameter of the viral particles was determined by dynamic light scattering (DLS) based on at least four measurements (n � 4). Δq indicates the total 
change of charges on the capsid calculated based on the DOL. The elution profile of a virus in the anion exchange chromatography (AEX) is determined by the capsid 
surface electrostatics and is represented by the conductivity (mS/cm) measured in the elution peak of the virus.   

Degree of labeling (DOL) ΔMW (%) Hydrodynamic diameter (nm)a Δq of capsid AEX elution (mS/cm) 

MVM 0 0 34.4 (�2.6) 0 24.67 
MVM-488 14.7 0.20 35.4 (�1.4) � 14.7 23.52 
MVM-542 15.9 0.34 36.8 (�2.0) � 47.7 24.81 
MVM-633 16.8 0.21 n.a.d þ16.8 23.52 
MVM-6331/3 4.9 0.06 n.a.d þ4.9 –  

MS2 VLPs 0 0 31.9 (�1.6) 0 34.33 
MS2-488 21.7 0.50 34.7 (�1.8) � 21.7 33.69 
MS2-542 15.3 0.55 30.7 (�1.0) � 45.9 33.69 
MS2-633 37.2/44.5b/45.5c 0.80 n.a.d þ37.2 31.91  

a according to the intensity-based size distribution. 
b determined by MALDI-TOF MS. 
c determined by SDS PAGE. 
d absorption of the Atto-633 dye interferes with DLS analysis and hence is not applicable (n.a.). 

Fig. 4. Determination of the degree of labeling (DOL) per capsid. A) Coomassie-stained SDS-PAGE of purified MVM labeled with different amounts of Atto-633 
fluorophores. MVM: unlabeled virus; MVM-6331/3: 4.9 Atto-633 dyes per capsid; MVM-633: 16.8 Atto-633 dyes per capsid. B) SDS-PAGE of Atto-633 modified 
MS2-VLPs. C) Mass spectrometry of MS2 VLPs modified with NHS-Atto-633 dye, showing a minor proportion of Atto-633 labeled MS2 coat proteins (24.7%) in 
comparison with unlabeled protein (75.3%). Asterisks show MS2 coat protein (MS2 CP) modified with one (*) or two (**) Atto-633 dyes. 
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Supplementary Fig. 1A and C), even with the largest dyes attached. This 
observation was not unexpected, as the low DOL per virus represents 
only 0.06–0.80% of the capsid mass (Table 2) and such marginal dif
ferences likely remain undetectable in the DLS measurements. 
Furthermore, it should be considered that the DLS estimates the mean 
hydrodynamic diameter assuming the particles as perfect spheres, while 
fluorophore modifications only add very small protrusions on the 
already uneven surface of viral particles. Although undetectable in the 
DLS, these few additional residues may still increase the maximal 
diameter of the capsid in certain orientations and hence potentially in
fluence the movement of the particle in the porous network of a virus 
filter membrane. 

To test whether the few modifications on the capsid surface change 
the electrostatics of the virus and thus the charge-dependent adsorption 
to surfaces as it may occur during nanofiltration, we performed an AEX 
at neutral pH and eluted the virus by an increasing salt gradient. No 
significant differences in the adsorption and elution were observed be
tween labeled and unlabeled viruses (Table 2, Supplementary Fig. 2). 
Taken together, the very limited number of fluorophores per capsid did 
not cause any significant change in the hydrodynamic diameter or sur
face electrostatics of the viruses. 

3.6. Filtration of labeled viruses 

Virus filtration experiments were all performed using Pegasus SV4 
double layer membrane filters with a nominal pore size of 20 nm. These 
membranes have a symmetrical porous structure and consists of hy
drophilic acrylate-modified PVDF polymer [14]. Operation conditions 
were applied following the manufacturer’s instructions, keeping a con
stant pressure of 2.1 bar. According to PDA standardization, all virus 
filtrations were performed in PBS, pH 7.4 [54]. Virus spike containing 1 
μg viral proteins were applied into the feedstream, corresponding to a 
total viral load of 1.5–2.4 � 1011 particles per 0.001 m2. Filter flow 
decay was not detected during the filtration time, corresponding with 
the results of previous studies when highly purified viruses were used 
[26]. 

3.7. Detection of fluorophore-labeled MVM using LSM 

LSM is a convenient and well-established detection method to ac
quire optical stacks and to reconstruct three-dimensional images from 
fluorescent signals. A critical parameter, however, is the exact locali
zation of the fluorescent signal in relation to the membrane depth to 
reproducibly compare acquisitions from different experiments. For this 
purpose, the autofluorescence of the PVDF filter membrane was 
measured at λex 425 nm; λem 485 nm to accurately set the boundaries for 
the filter dimensions (Fig. 5A). Notably, the first 2–4 μm of the mem
brane showed a detectable, but rather low autofluorescence compared to 
the rest of the filter. This lower autofluorescence is likely attributed to a 
less dense layer at the feed side of membrane. 

The Atto-542 and Atto-633-labeled MVM particles (MVM-542 and 
MVM-633) were filtered in a co-spike experiment and detected by LSM. 
Both virus labelings resulted in a homogenous and similar retention 
pattern in the first micrometers of the filter membrane (Fig. 5B and C). 
However, the comparison of the two fluorescence signals in the merge 
mode, revealed a deeper migration of MVM-633 compared to MVM-542 
(Fig. 5D). 

3.8. Determination of MVM retention profiles in the filter membrane using 
different labeling dyes 

A profile of the fluorescent signal as a function of the filter depth was 
generated by ImageJ analysis of the acquired data [44]. Based on mul
tiple acquisitions, a confidence interval was established showing the 
standard deviations at each filter depth. The graphical depiction shows 
that the retention profile of MVM-542 and MVM-633 are similar 

regarding the peak of retention, but having an additional accumulation 
of MVM-633 in a deeper layer of the membrane (Fig. 5E). A secondary 
effect due to the detection of different wavelengths was excluded, as 
scanning of the membrane from the opposite direction resulted in the 
same profile (Supplementary Fig. 3A and B). 

Labeling and filtration of MVM with Atto-488 showed a similar 
pattern as the profile obtained with MVM-542 (Fig. 5F). In contrast, 
filtration of MVM-520 resulted in a strong accumulation of the signal at 
the very beginning of the filter and indicated larger variabilities 
throughout the entire retention profile (Fig. 5F). As this dye has a re
ported high hydrophobicity (Table 1), the modification with this fluo
rophore may have caused aggregation of the virus or adsorption to the 
filter membrane as observed with hydrophobic gold nanoparticles when 
no anionic detergent was present [20]. Due to this deviating effect, 
MVM-520 was not used for further experiments. Similarly, labeled 
MVM-425 and MVM-620 particles could not be used for detection due to 
high autofluorescence of the PVDF membrane at shorter wavelengths 
(Fig. 5A) and insufficient stability of the fluorescent dye, respectively 
(Table 1). 

To quantitatively compare the different retention profiles, we 
defined two critical values that reflect the observed differences: 1) The 
filter depth of the peak signal, representing the majority of the retained 
viruses, and 2) the maximal filter depth where 10% of the peak signal is 
still detected, reflecting the ability of the virus to penetrate into the 
membrane. No significant differences in the peak depth were found for 
MVM labeled with the different fluorophores Atto-488, Atto-542 and 
Atto-633 (Fig. 5G). However, MVM modified with Atto-633 showed an 
increased maximal filter depth compared to Atto-488 and Atto-542. This 
comparison revealed that the type of labeling itself has an influence on 
the retention in the filter, a factor that has not been considered in the 
previous studies, but which is crucial to accurately compare different 
viruses. 

3.9. Influence of the labeling on the retention of different viruses 

To assess whether the influence of the used fluorescent dyes is spe
cific for MVM only or similar for different viruses, we labeled CPV and 
MS2 VLPs with the same type of dyes (Tables 1 and 2). The retention 
profiles of CPV-542 and CPV-633 were very similar to those of MVM 
(Fig. 6A). While the peaks of both labelings were found in the same filter 
depth, CPV modified with Atto-633 showed again a migration to deeper 
layers compared to CPV-542 (Fig. 6C). 

Interestingly, a deeper retention profile was observed with 
fluorophore-labeled MS2 VLPs (Fig. 6B), suggesting that the recombi
nant MS2 particles have a smaller apparent size compared to parvovirus 
capsids. The deeper migration of the MS2 VLPs cannot be simply 
attributed to the lacking genome, since a large proportion of the labeled 
parvoviruses are also empty, but do not show this significantly deeper 
retention. The fluorescent dyes exhibited a similar but even stronger 
influence on MS2 VLPs, affecting not only the maximal retention depth 
but also the depth of the peak (Fig. 6D). This observation would imply 
that capsid modifications increasingly influence the migration as the 
virus diameter gets closer to the nominal pore size of the filter 
membrane. 

Taken together, these results show that the labeling with a particular 
dye has a very similar impact on the different viruses. Each type of 
fluorescent dye exhibited a characteristic effect on the migration of the 
viruses in the membrane with decreasing retention from Atto-542 >
Atto-488 > Atto-633. Considering that size exclusion plays a predomi
nant role at normal flow conditions and that the influence on the viral 
retention was in the order of the molecular weight of the dyes (Table 1), 
it is tempting to speculate that the difference in the retention was pri
marily caused by the very small additional protrusions on the virus 
surface. A significant influence of the adsorption-related properties, i.e. 
charge or hydrophobicity, appears rather unlikely, since the labeled and 
unlabeled viruses indicated a very similar interaction and elution profile 
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Fig. 5. Laser scanning microscopy (LSM) of Pegasus SV4 membrane after filtration of PBS feedstream spiked with fluorophore-labeled MVM. A) Detection of filter 
membrane dimensions based on the autofluorescence of the PVDF membrane at λabs 425 nm and λem 485 nm to set the laser scanning lattice for virus detection. 
Three-dimensional reconstruction of retained MVM modified with (B) Atto-542 or (C) Atto-633. D) Virtual cross-sections of the virus filter membrane showing the 
retained MVM-542 and MVM-633. E) Retention profile of MVM-542 and MVM-633 determined by ImageJ analysis of the fluorescent signal as a function the filter 
depth. Peak signal and standard deviations were calculated based on acquisitions of three different membrane areas (n ¼ 3). F) Retention profile of MVM-488 and 
MVM-520. G) Peak signal and maximal filter depth of retained MVM modified with different fluorescent dyes to compare the influence of the different modifications 
(n ¼ 3). Maximal filter depth was defined as the value (μm) where the detected signal of the retained viruses decreased to 10% of the peak signal. 
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in the AEX (Table 2, Supplementary Fig. 2). Nevertheless, an impact of 
the surface characteristics of the capsids on the retention should not be 
totally excluded, especially if the virus filtration is performed under low 
operating pressure [29]. 

3.10. Minimizing the effect of the labeling on virus retention 

To estimate the remaining influence of the lowest-affecting Atto-633 
dye on MVM retention, we additionally prepared MVM with about three 
times less labelings per capsid (MVM-6331/3; DOL ¼ 4.9) compared to 
the MVM-633 used above (DOL ¼ 16.9). The retention profile of MVM- 

6331/3 indicated a modest but not significant increase of the signal in 
deeper layers of the filter membrane compared to the normal labeled 
MVM-633 (Fig. 7). The limited effect on the retention profile with a low 
DOL per capsid suggests that the retention pattern of MVM-633 is close 
to that of unlabeled MVM. 

To visualize the retention profile of MVM filtered without any 
modifications, we stained the virus in the membrane post-filtration 
using the hydrophilic NHS-Atto-542 dye. The post-filtration labeling 
resulted in the same filter depth of the peak signal as the pre-filtration 
labeling (Fig. 7). However, in contrast to the MVM-633 pre-filtration 
labeling, the signal obtained by post-filtration labeling did not detect the 
viruses detected in deeper layers. This observation implies that post- 
filtration staining may only efficiently label particles close to the sur
face of the membrane and thus may underestimate deeper migrating 
viruses. Therefore, modification of viral particles pre-filtration with a 
limited number of fluorophores that have a negligible impact on the 
virus migration like the Atto-633 dye, allows a more accurate detection 
of the virus retention profile than labeling of retained viruses post- 
filtration. 

3.11. Determination of parvovirus LRVs using qPCR 

To evaluate the effect of the labeling on the breakthrough of viral 
particles, we used virus-specific qPCR (Supplementary Fig. 4C), 
analyzing the concentration of viral DNA in the feed and filtrate to 
determine the LRV as previously described (Table 3) [45,46]. 

The detection of viruses by qPCR was preferred to the frequently 
used infectivity assays, since we sought to directly detect particles and to 
exclude a potentially biased infectivity due the modification of the virus 
by the different fluorophores. In order to ensure that the qPCR mea
surement only detects viral particles and not possibly decapsidated viral 
DNA, we treated one set of samples with micrococcal nuclease before 
DNA extraction. The nuclease treatment of the samples appeared to be a 
necessary step, as the analysis without nuclease digestion generally 

Fig. 6. Influence of different fluorophore modifications on the retention of CPV and MS2 VLPs in the filter membrane. Retention profiles of (A) CPV and (B) MS2 
VLPs modified with the different fluorophores Atto-542, Atto-633 or Atto-488 shown as a function of the filter depth. Confidence interval based on standard de
viations from three independent acquisitions (n ¼ 3). Peak signal and maximal filter depth of modified (C) CPV and (D) MS2 VLPs (n ¼ 3). 

Fig. 7. Comparison of MVM labeled pre-filtration with different numbers of 
Atto-633 fluorophores or stained post-filtration in the membrane. Blue curves 
show the retention profiles of pre-filtration labeled MVM-633 (16.8 dyes per 
capsid) and MVM-6331/3 (4.9 dyes per capsid). Unlabeled MVM was filtered 
and stained post-filtration with the hydrophilic Atto-542 dye for 16 h. Retention 
profiles as function of the filter depth show mean and standard deviation of 
acquisitions from three different membrane areas (n ¼ 3). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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showed lower LRVs, thus overestimating the breakthrough of viruses. 
The overestimation of breakthrough was found to be due to decap
sidated MVM DNA in the filtrate (data not shown), probably repre
senting genomic fragments that may have been generated during the 
filtration process as described for B19V [45,46]. 

The comparison of the LRVs of unlabeled MVM (LRV ¼ 5.0) with the 
moderately labeled MVM-6331/3 (LRV ¼ 4.9) showed that the modifi
cation of the capsid with only 4.9 Atto-633 dyes per particle has an 
undetectable effect on the retention of the virus (Table 3). MVM-633 
with 16.9 fluorophores per capsid resulted in a slightly increased LRV 
(5.6) while showing a virtually identical retention profile in the filter as 
MVM-6331/3 (Fig. 7). 

Taken together, the labeling of capsids with a limited number of 
Atto-633 fluorophores per capsid (DOL of 5–20) represents a suitable 
method to accurately reflect the retention profile of native unmodified 
viruses in filter membranes. 

3.12. Comparison of different viruses based on the retention profiles and 
LRVs 

Since the modification with a particular type of fluorophore shows a 
similar effect on the retention of different viruses (Figs. 5 and 6), it is 
valid to compare the relative migration of viruses in the membrane if 
they are labeled with the same dye. Therefore, we separately plotted the 
retention profiles of the parvoviruses MVM, CPV and the bacteriophage 
MS2 VLPs depending on their modification with Atto-542 (Fig. 8A) or 
Atto-633 (Fig. 8B). Fig. 8C and D depict the corresponding values for 
retention peaks and maximal filter depths of the different viruses. The 
comparison of both modifications consistently shows that the parvovi
ruses MVM and CPV have a very similar retention pattern, while the 
recombinant MS2 VLPs migrate significantly deeper into the Pegasus 
SV4 filter membrane (Fig. 8A and B). In line with this, no significant 
differences between MVM and CPV are detectable regarding retention 
peak and maximal filter depth with both modifications (Fig. 8C and D). 
In contrast, MS2 VLPs show a significantly deeper retention peak and 
maximal filter depth for the Atto-542 as well as for the Atto-633 
modified viruses (Fig. 8A–D). 

According to the proposed size-based sieving mechanism of virus 
filters, smaller particles have the capability to migrate deeper into the 
complex network of pores and hence have a higher probability to pass 
through the filter. To evaluate whether the retention profiles in the 
membrane show a correlation with the virus breakthrough, the viral 
load reduction of the different model viruses was examined (Table 3). 
Parvoviruses in the feed and filtrate were detected based on qPCR 
analysis after nuclease treatment to exclude detection of decapsidated 

Table 3 
Logarithmic reduction values (LRVs) of MVM, CPV and MS2 VLPs. Reduction of 
the parvovirus load was examined by qPCR. Samples were treated with micro
coccal nuclease before DNA extraction to remove non-encapsidated viral DNA. 
The LRVs based on qPCR detection without nuclease treatment are shown to 
illustrate the overestimation of viral breakthrough due to the presence of viral 
DNA fragments in the filtrate. Reduction of MS2 VLPs was measured by dot blot 
detection of MS2 coat proteins in the feed and filtrate using a specific antibody 
against the MS2 coat protein and secondary HRP-labeled antibody. Standard 
deviations were calculated based on at least two independent experiments (n �
2). (*Nuclease treatment is not applicable for dot blot detection of MS2 VLPs.)  

Virus LRV 
þ Nuclease 

LRV 
- Nuclease 

CPV �6.0 (�0.3) 4.9 (�0.9) 
MVM 5.0 (�0.4) 4.2 (�0.3) 
CPV-542 6.2 (�0.2) 5.2 (�0.2) 
MVM-542 �5.8 (�0.3) 5.0 (�0.2) 
CPV-633 �6.0 (�0.1) 5.0 (�0.5) 
MVM-633 5.6 (�0.4) 5.0 (�0.3) 
MVM-6331/3 4.9 (�0.3) 4.7 (�0.1) 
MS2 VLPs 3.6* (�0.1)  

Fig. 8. Comparison of the retention pattern of labeled CPV, MVM and MS2 VLPs in the virus filter membrane as a function of the filter depth. Retention profiles of 
viruses labeled with (A) Atto-542 and (B) Atto-633, showing a confidence interval of three independent acquisitions (n ¼ 3). Histograms show the depth of the 
retention peak and maximal filter depth of the different viruses modified with (C) Atto-542 or (D) Atto-633. Standard deviations are calculated based on three 
independent measurements (n ¼ 3). 
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DNA fragments. The LRVs of unlabeled or labeled parvoviruses were 
consistently found at more than 4.9 log10, showing an effective retention 
of both MVM and CPV under standard filtration conditions in PBS and 
constant flow, correlating with the observed retention profile in the 
filter (Fig. 8A and B). In contrast, the previously reported differences 
between MVM and CPV were observed under product-specific filtration 
conditions at lower pH and involving significant filter fouling [15]. 
Generally, the modified virions showed slightly higher LRVs compared 
to the unlabeled viruses; however, these small differences allow only 
limited interpretation, as the values are close to the absolute detection 
limit of the assay (Table 3, Supplementary Fig. 4B). 

To measure also the LRV of MS2 VLPs, we established a dot blot 
analysis of particles in the feed and filtrate using a bacteriophage MS2 
coat protein-specific antibody and HRP-based detection. As expected 
based on the significantly deeper retention of MS2 particles (Fig. 8A–D), 
the unlabeled MS2 VLPs showed a higher breakthrough of particles 
(LRV ¼ 3.6) (Supplementary Fig. 5) when compared to the LRVs of 
unlabeled parvoviruses MVM and CPV (LRV � 5.0) (Table 3). This result 
exemplary shows that a deeper migration into the membrane correlates 
with a lower LRV, conforming with previous studies where the retention 
patterns in the filter membrane were linked to virus breakthrough [23, 
30]. Interestingly, this difference between parvoviruses and MS2 VLPs 
cannot be explained based on the reported size of the viruses, since their 
capsids have virtually the same outer capsid diameter (28.4–28.8 nm) 
[10,11,52]. In accordance with this, the DLS measurement did not 
reveal a significantly smaller hydrodynamic diameter of MS2 VLPs 
compared to MVM (Table 2, Supplementary Fig. 1A and B). This finding 
suggests that minor variabilities in the capsid structure may play a 
critical role in the retention of the viruses. 

The significant differences observed between parvoviruses and MS2 
VLPs emphasize that model viruses and particles with a similar size 
cannot be interchangeably used in virus filtration studies. Replacing the 
relevant parvoviruses with bacteriophages, VLPs or artificial particles 
may simplify many aspects of the experiments; however, may also 
generate results that do not accurately reflect the retention of native 
parvoviruses. Future studies are warranted to determine to what extent 
model viruses, VLPs or nanoparticles can represent the behavior of 
parvoviruses in filtration studies and where the applicability of these 
models is limited. 

The filtration of viruses labeled with different fluorescent dyes 
revealed that small changes on the viral capsid can have a significant 
impact on the virus retention in the membrane (Figs. 6 and 7). 
Considering the small size of the fluorescent molecules, this observation 
implies that cellular modifications or conformational changes of the 
capsid can affect the virus removal by nanofiltration. In this context, it is 
important to note that viruses are not inert particles, but have a build-in 
capacity to react to their environment. In particular mammalian viruses 
like parvoviruses need to rearrange during virus entry into the host cell 
for proper endocytosis, trafficking and uncoating. Viruses from the same 
family, as parvoviruses, can have fundamental differences regarding 
conformational changes in response to external triggers [34,55,56]. 
Hence, it is critical not only to evaluate specific filtration conditions on a 
case-by-case basis [29], but also to consider that even related parvovi
ruses may behave very different in certain filtration conditions as 
recently observed [15]. Taken together, the virus model in filter 
research studies needs to be carefully chosen to accurately reflect a 
relevant scenario in the manufacturing of biotherapeutics. 

4. Conclusion 

Virus filtration is an essential virus clearance step in the 
manufacturing of biotherapeutics. Although the technique is considered 
very effective, parvovirus breakthrough has been observed under certain 
operating conditions. Parvoviruses are considered the worst-case virus 
challenge for validation studies; however, the mechanism involved in 
the breakthrough remains poorly characterized due to the limitations of 

the current experimental approach based on LRV. Accordingly, there is a 
need to develop novel methods that can allow the direct visualization of 
the parvovirus particles inside the filter. The primary aim of this study 
was to apply and validate a method to visualize and characterize the 
retention profile of model parvoviruses inside the filter membrane by 
LSM and to identify the most critical factors that influence the process. 

To this end, native parvoviruses MVM and CPV were purified from 
infected cell cultures and labeled with different fluorescent dyes. The 
identity, capsid integrity and degree of labeling of the viruses was 
verified prior to filtration to ensure a virus-specific detection in the 
membrane. Furthermore, by accurate detection and comparison of 
different scanning acquisitions, we could validate the reproducibility 
and robustness of the method. 

The virus retention profiles revealed minor differences between vi
ruses and capsid modifications with a high resolution, finding that small 
changes of the capsid surface have a detectable impact on the retention 
of the virus. 

The retention profiles complemented with measurements of the viral 
load reduction showed that the two parvoviruses MVM and CPV have a 
very similar retention behavior under standard filtration conditions. In 
contrast, recombinant MS2 VLPs were found to migrate significantly 
deeper into the filter membrane. This finding suggests the limited 
applicability of bacteriophages or nanoparticles as models to study 
parvovirus retention in the filter membrane. Hence, a potential worst- 
case scenario in virus filtration can only be accurately visualized by 
the relevant parvovirus, labeled with a fluorophore that only minimally 
affects the viral retention. 

The detection of the virus retention profile will allow to exactly 
define the separation-active layers for parvoviruses in different filter 
membranes and thus to correlate the retention of viruses with the 
structure- and material-based characteristics of a particular filter type. 
The direct insight into the filter will also facilitate to explain the dif
ferential behavior of viruses under the influence of filter fouling, 
depressurization events or product-specific conditions in the feedstream. 

Taken together, the visualization of parvoviruses inside the filter 
membrane combined with measurements of the viral load reduction 
provide a complete picture of virus filtration, which will help to better 
understand the mechanisms underlying parvovirus retention during 
nanofiltration of biotherapeutic products. 
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