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Abstract 
 

A study on Protein Fouling and Virus Breakthrough 

Phenomena of Virus Filtration Membrane in 

Biopharmaceutical Downstream Process 

Dongwoo Suh 

School of Chemical and Biological Engineering 

The Graduates School 

Seoul National University 

 

 

Biopharmaceuticals are medicines based on biological sources, such as plants 

and animals. Biopharmaceutical manufacturing industry is rapidly growing due to 

the increase demand of bio-inspired medicines, such as therapeutic proteins and 

vaccines. However, mammalian cell-derived biopharmaceutical products are 

exposed to potential risk of viral contamination from adventitious or endogenous 

viruses.  To ensure safety of biopharmaceutical products, all mammalian-cell based 

bio-products are required to validate viral safety from its raw material to the final 

product form. Therefore, biopharmaceutical manufacturing process includes viral 

clearance operations, such as low pH virus inactivation and virus filtration.  

Virus filtration process is considered as key unit operation for viral clearance 

due to its robust virus removal performance and low adverse impact on bioproducts. 

The virus filtration is size based removal process, where virus is removed in 

membrane via size similarity between virus size and nominal pore size of the 

membrane, while biopharmaceuticals transmitted through membrane. Current virus 

filtration process guarantees 4-log10 reduction of known or unknown viruses with 



 

 II 

over 95% of biopharmaceutical transmission. Despite the process robustness, virus 

filtration is suffered from severe protein fouling and undesired virus breakthrough, 

caused product loss, and threatening the safety of biopharmaceutical products. This 

dissertation investigated the two major limitations of virus filtration process, 

focused on membrane properties and operational conditions on process 

performances. 

First, comprehensive evaluations were conducted by using seven different 

commercially available virus filtration membranes for biopharmaceutical 

downstream process. The unique structure of each membrane varied virus filtration 

performance in terms of protein fouling propensity and virus breakthrough. For 

protein fouling propensity, higher O/C ratio on membrane surface, larger pore 

existence (over 1 μm) on upper region, and ‘shallow’ pore size gradient of 4 – 8 

nm/μm in virus retentive region caused mitigating filtrate flux decline by protein 

fouling up to 66.3%. The pore size distribution via gas-liquid porometry (GLP) 

analysis revealed pore size detection over 25 nm caused undesired virus 

breakthrough. The main results suggested important parameters for high 

performance virus filtration membrane design. 

Second, virus breakthrough points under different feed solution compositions 

and operational conditions were investigated to determine optimal operation of 

virus filtration. The study revealed virus breakthrough point when virus challenge 

over 1012 PFU/m2, in convective-force dominant batch filtration process. Low flux 

filtration for continuous bioprocess, however, showed early virus detection at 1011 

PFU/m2 due to increase the Brownian motion of virus in the membrane. Based on 

the experimental results, safe virus filtration operation was determined as 1010 

PFU/m2 of virus challenged under both batch and continuous processes. 



 

 III 

The main results of this study give practical insights to biopharmaceutical 

industry and virus filtration membrane R&D industry, as the study suggested 

appropriate membrane selection for target biopharmaceutical with product-safety 

guaranteed operation limit, as well as important parameters to consider design 

next-generation virus filtration membrane. 

 

Keywords: Biopharmaceuticals; Downstream process; Virus filtration; 

Protein fouling; Virus breakthrough 
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1. Introduction 

1.1. Research Background 

The biopharmaceutical refers medicines driven from bio-resources, such as 

animal and plants. Biopharmaceutical manufacturing industry is rapidly growing, 

as 8 of the top 10 bet-selling drugs are bio-inspired medicines (Zydney, 2021). 

Especially, the covid-19 pandemic had resulted gaining the interest of 

biopharmaceuticals such as vaccines and monoclonal antibodies for prevention of 

the virus infection and potential cure of the disease (Ahmed Bouzidi, 2021). Also, 

development of manufacturing processes has enabled the mass production of 

biopharmaceuticals, resulted the fast market growing. 

 Biopharmaceutical manufacturing processes are divided into two major 

streams, upstream process for cell cultivation and harvesting, and downstream for 

purification and formulation of raw materials to form of biopharmaceuticals. 

Despite rapid increase of the industry, biopharmaceutical products are often 

exposed to risk of viral contamination by mammalian-cell derived products. 

Although the events of viral contaminations have rarely occurred, less than 30 

events over 3 decades. However, the sources of viral contamination were broad 

from raw material to final product (Barone et al., 2020). Therefore, to ensure viral 

safety of biopharmaceutical products, International Conference on Harmonization 

(ICH) established a world-wide standard for viral safety “Q5A: Viral Safety 

Evaluation of Biotechnology Products Derived from Cell Lines of Human or 

Animal Origin” (ICH, 2022). The regulation requires vial safety assurance of raw 

material, removing or inactivating of detected virus before the final production, and 

the virus infective assay of final products. Among the viral safety regulations, 
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validation of viral clearance capability is performed during downstream process, 

applying two or more orthogonal processes (Zydney, 2016).  

There are several virus clearance methods applied in downstream process, 

including low pH inactivation, chemical solvent/detergent treatment, virus removal 

during chromatography, and virus retentive filters (Shukla & Aranha, 2015). 

Among these processes, virus filtration process is considered robust virus removal 

process due to its high removal performance and low impact on biopharmaceutical 

products (Ajayi, Johnson, Faison, Azer, Cullinan, et al., 2022). Therefore, virus 

filtration process is widely used in both therapeutic protein purification and 

plasma-based products industries (Johnson et al., 2022).  

The virus removal mechanism of virus filtration process is size-exclusion 

mechanism, where virus is effectively retained in membrane, similar as depth 

filtration process (Nejatishahidein & Zydney, 2021). Virus filtration membranes 

were divided as large-virus removal filters and small-virus removal filters, nominal 

pore size of 50 and 20 nm, respectively. Currently, most of downstream processes 

are adopted small-virus removal filters due to effective removal process of both 

large and small viruses by small-virus removal filters (Marques et al., 2009). The 

main hurdle of virus filtration process is the selective removal performance of virus 

due to the size similarity between small virus (18 – 26 nm) and biopharmaceuticals 

(8 – 10 nm) (Fallahianbijan et al., 2019). Therefore, the virus retentive membrane 

must have narrower pore size distribution (PSD) than ultrafiltration (UF) and 

microfiltration (MF) membranes to achieve selective removal of virus with high 

protein transmission (Goodrich et al., 2020). The tight PSD membrane 

characteristic of virus filtration requires high-end technology of membrane 

fabrication, caused high cost among other membranes used in biopharmaceutical 
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downstream process (Barnard et al., 2014).  

Currently, single virus filtration process provides over 95% of product yield 

with >99.99% (4-log10 reduction) of target virus removal performance (Zydney, 

2016). However, virus filtration process is still limited by two major phenomena: 

protein fouling and virus breakthrough during virus filtration process. Protein 

fouling defined as undesired protein deposition or clogging on virus filtration 

membrane, caused decreasing flow rate and lower product yields. Undesired virus 

breakthrough is the migration of virus through virus filtration membrane by various 

complication of virus filtration, caused product safety fail, require additional virus 

clearance method to ensure product safety. Previous studies accomplished to define 

the mechanisms of protein fouling and undesired virus breakthrough in various 

aspects, the quantitative analysis for protein fouling and virus breakthrough were 

still limited by analyzing the phenomena in simplified manner. 
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1.2. Objectives of Research 

The objectives of this dissertation are to investigate two major limitations of 

virus filtration, protein fouling and virus breakthrough phenomena, in 

comprehensive and practical manners. 

First, the structural and surface properties of commercial small-virus retentive 

filters were evaluated to reveal important affecting factors of protein fouling and 

virus breakthrough behaviors. Seven different commercially available membranes 

were used for comprehensive analysis. Membrane structures were investigated via 

surface and cross-section scanning electron microscopy (SEM) images. Gas-liquid 

porometry (GLP) analysis was performed to compare membrane pore size 

distributions (PSD). X-ray photoelectron spectroscopy (XPS) and surface contact 

angle via sessile drop methods were evaluated for membrane surface properties. In 

this part of dissertation, membrane performance was compared and the relationship 

between membrane properties and performances were defined. The first part of 

dissertation defined important structural parameters of virus filtration membranes 

for low fouling effects. 

Second, virus breakthrough behavior of highly asymmetric membrane was 

further investigated under intensified and continuous processes. The high virus titer 

with intensified feed solution composition caused worsening virus breakthrough, 

revealed virus retention capacity of 1012 PFU/m2 for commercial virus filtration 

membrane under conventional virus filtration process. Under the continuous virus 

filtration process condition with low-filtrate flux condition, severe virus 

breakthrough was observed virus retention less than 1011 PFU/m2, due to the 

increased virus diffusion via low filtrate flux. The second part of dissertation 
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suggested optimal virus retention capacity of 1010 PFU/m2 for safe filtration 

process, under both batch and continuous processes.  

Up to date, virus filtration in biopharmaceutical downstream process research 

has limited by simplified manner, such as single layer filtration results or short-

term filtration. The main results of this dissertation give practical insights of virus 

filtration process in biopharmaceutical manufacturing, for both membrane users in 

downstream process and next-generation virus filtration membrane development. 
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2. Literature Review 

2.1. Virus clearance methods 

For past 30 years, total 26 events of viral contamination from mammalian-cell 

based biopharmaceutical manufacturing have reported (Barone et al., 2020). 

Although the incident of viral contaminated biopharmaceutical products injection 

to human had not occurred, the potential risk of viral contamination of 

biopharmaceutical could be crucial. The source of viral contamination was from 

raw material to downstream process, indicated that viral contamination could occur 

any stage during the manufacturing process (Ajayi, Johnson, Faison, Azer, Cullinan, 

et al., 2022). To ensure viral safety of bio-related products, current regulation 

requires to apply two or more orthogonal processes for viral clearance. The 

clearance level has not regulated, single clearance process guarantees over 99.99% 

of the virus removal performance from the contaminated source (van Reis & 

Zydney, 2007).  

Several viral clearance methods are introduced in downstream 

biopharmaceutical process: low pH virus inactivation, solvent/detergent virus 

inactivation, virus removal via chromatography, and virus retentive filtration 

processes (Shukla & Aranha, 2015). Low pH treatment is effective to enveloped 

viruses, uses pH between 3.0 to 4.0, achieved by addition of HCl or high 

concentrations of citric acid. Under low pH condition, however, can result the 

undesired aggregation of monoclonal antibodies (Wälchli et al., 2020). Solvent and 

detergent inactivation method is applied for products that cannot tolerate low pH 

treatment (Horowitz et al., 1998). Mixture of both solvent (tri-n-butyl phosphate) 

with detergent (Triton X100 or Tween80) are commonly used, but the low 



 

 7 

inactivation efficient was shown under low temperature and short time treatment 

(Miesegaes, 2014). Virus particles can be removed during chromatographic steps, 

such as Protein A chromatography and anion-exchange chromatography steps. The 

chromatographic steps showed robust removal of retroviruses over log-reduction 

value (LRV) over 4, but highly depend on operational condition such as virus 

loading, ionic strength, and the size of columns (Miesegaes et al., 2010). Virus 

filtration via polymer membranes is size-based virus removal process (Johnson et 

al., 2022). The size-exclusion removal mechanism of virus retentive filter enabled 

remove both enveloped and non-enveloped viruses, without solution pH or addition 

of detergent. Especially, the worst-case scenario virus from Chinese hamster ovary 

cell-line (CHO), murine minute virus (MMV), can be effectively removed by virus 

filtration (Gefroh et al., 2014). The regulations did not establish minimum 

requirement of viral clearance capabilities, but it is known that single viral 

clearance process is capable of obtain LRV of 4. In downstream biopharmaceutical 

process, combination of low pH inactivation and virus filtration processes are 

widely adopted (Zydney, 2015).  
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2.2. Virus filtration process and membrane 

2.2.1. Operating conditions 
 

Figure 2-1 shows flow diagram of conventional biopharmaceutical production. 

Current regulation of mammalian-cell based biopharmaceutical requires viral 

safety confirmation in three major parts: virus infection check of raw materials and 

cell banks, validation of virus clearance capability during downstream process, and 

viral safety confirmation of final products (ICH, 2022). Virus filtration is mostly 

operated in downstream process. However, the viral contamination sources can be 

occurred in upstream process, virus filtration performance during upstream process 

is examined (Wieser et al., 2023). Virus filtration process can be applied between 

any stages of downstream process, but mostly applied after chromatography step 

and before ultrafiltration/diafiltration (UF/DF) step to minimize impact of solution 

impurities and concentrate on virus filtration performance (Kern & Krishonan, 

2006).  

Originally, virus filtration process was operated as tangential-flow filtration 

(TFF), the direction of applied pressure is perpendicular to flow permeate, to 

minimize product loss during filtration; however, current virus filtration was 

operated as normal-flow filtration (NFF) process, where the direction of applied 

pressure and flow are the same, for process simplicity and cost effectiveness 

(Goodrich et al., 2020). Depend on the membrane type, suggested operating 

pressure is varied from 98 to 298 kPa. The optimized volumetric throughput can be 

determined by maximum volumetric throughput analysis, plotting inverse of filtrate 

flux as function of filtration time, which can be expressed following equation 

(Peles, Fallahianbijan, et al., 2022): 
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    (2-1) 

where t is filtration time (h) V/A is volumetric throughput (L/m2), Q0 is volumetric 

flow rate (m3/h). The optimized volumetric throughput is determined as 

approximately 68% of the maximum volumetric throughput, where the filtrate flux 

decline of 90% occurred. However, the Vmax analysis is solely based on pore 

constriction mechanism during virus filtration, the accuracy of Vmax could be 

overestimated if the complicated membrane contamination mechanisms are 

involved, such as combined-fouling models (Ho & Zydney, 2000). 

   (2-2) 
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Figure 2-1. Flow diagram of commercial biopharmaceutical manufacturing process. 
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2.2.2. Virus filtration membrane properties 

Properties of commercially available virus retentive membranes are 

summarized in Table 2-1. Current major distributors of virus filtration membrane 

are USA, Germany, and Japan. Commercial virus retentive membranes are 

polymer-based, single or multiple layers, and having different symmetricities. Virus 

retentive membranes were classified as large-virus removal membranes (nominal 

pore size of 50 nm) and small-virus removal membranes (nominal pore size of 20 

nm). Currently, most of virus filtration process is adapted small-virus removal 

membranes due to high removal efficiency of both small and large viruses by 

small-virus removal membranes (Marques et al., 2009). Symmetric membranes 

showed nominal pore size distribution through entire membrane thickness, while 

asymmetric membranes had nominal pore size distribution region near lower 

region of the membrane. 

Virus retentive membranes are mostly composed of polymers. Representative 

polymers used for virus filtration are hydrophilic modified polyvinylidene fluoride 

(PVDF), polyethersulfone (PES), and regenerated cellulose (RC), which have the 

advantages of low protein adsorption, high solvent resistance, broad pH durability, 

and high flow rate (Charcosset, 2012). To achieve low protein binding capacity, 

certain polymers are further hydrophilized (Johnson et al., 2022). The properties of 

representative polymers and properties are summarized in Table 2-2.  
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Table 2-1. Properties of commercially available virus filtration membranes (Suh et al., 2022). 

Manufacturer Model Material 
Nominal 

pore size 
Layer Symmetricity Filter shape 

Operating 

pressure 

LRV from 

Manufacturer 

Pall 

PegasusTM SV4 PVDF 20 nm 2 Symmetric 

Flat sheet 

2.1 – 3.1 bar >5.5 for parvovirus 

PegasusTM Prime PES 20 nm 1 Asymmetric 2.1 bar >4 for parvovirus 

Ultipor®  DV50 

PVDF 

50 nm 3 

Symmetric 

1 – 2 bar >6 for retrovirus 

Ultipor®  DV20 20 nm 2 1 – 3.1 bar >3 for parvovirus 

Asahi Kasei 

PlanovaTM BioEX PVDF 20 nm 1 

Asymmetric Hollow fiber 

2.94 bar >5.3 for parvovirus 

PlanovaTM 15N 

CRC 

15 nm 1 0.98 bar >4.6 for parvovirus 

PlanovaTM 20N 19 nm 1 0.98 bar >5.2 for parvovirus 

PlanovaTM 35N 35 nm 1 0.98 bar >5.3 for retrovirus 

Millipore 

Viresolve®  NFP PVDF 20 nm 3 

Asymmetric Flat sheet 

2.1 bar >6.2 for parvovirus 

Viresolve®  NFR 

PES 

78 nm 3 2.1 bar >6.5 for retrovirus 

Viresolve®  PRO 20 nm 2 2.1 bar >6 for parvovirus 

Sartorius 

Virosart®  CPV PES 20 nm 2 

Asymmetric 

Flat sheet 2 bar ≥4 for parvovirus 

≥6 for retrovirus 
Virosart®  HC PES 20 nm 2 

Virosart®  HF PES 20 nm 1 Hollow fiber 2 bar 
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Table 2-2. Overview on polymers for the membrane production (Charcosset, 2012). 

Membrane material Advantage Disadvantage 

Regenerated 

cellulose 

- Very low unspecific adsorption 

- Good solvent resistance 

- High flow rates and high durability 

- Limited stability in oxidizing agents 

Modified 

regenerated 

cellulose 

- Very low unspecific adsorption 

- Moderate flow rates. 

- Broad pH durability 

- Ultrafilters are not to be autoclaved in 

dry state 

Polyether sulfone 

- High flow rate and high durability 

- Broad pH durability 

- High asymmetrical membrane structure 

available 

- Autoclavable in dry stae with special 

chemical surface modified versions 

- Low to moderate unspecific adsorption 

(depending on surface modification) 

- Limited solvent resistance 

Polyvinylidene 

fluoride 

- Low unspecific adsorption 

- To be autoclaved in dry state 

- Good solvent resistance 

- Moderate flow rates and durability 

- Hydrophobic base material; 

hydrophilized by surface treatment 
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Figure 2-2 shows SEM images of commercially available small-virus 

retentive membranes. Most of virus retentive membranes have non-uniform, 

interconnected, and having symmetric or asymmetric structures (Leisi et al., 2021; 

Namila et al., 2019). To minimize effect of undesired particulate and protein 

aggregates blocking solution transports, virus filtration is placed as skin-layer 

down operation; therefore, most of top structures are porous and having relatively 

larger pores, then the bottom structures are dense and having small pores where 

small viruses are captured (Syedain et al., 2006).  

Figure 2-2 (a) shows the SEM image of hollow fiber membrane PlanovaTM 

20N membrane. The image clearly indicated asymmetric structure of the membrane 

with different pore density through the region. Figure 2-2 (b) and (c) are SEM 

images highly asymmetric Viresolve®  NFP and Viresolve®  Pro membranes, where 

porous regions located near feed side and dense bottom regions located on bottom 

of the membranes. Figure 2-2 (d) is relatively symmetric Ultipor®  DV20 

membrane, clearly showed the fair pore size distributed through the membrane. 

Although the membranes showed different structural properties, all membranes 

guaranteed high virus removal performance of LRV>4.  
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Figure 2-2. Scanning electron microscopy (SEM) Images of commercially 

available small virus filtration membranes (a) PlanovaTM 20N from Asahi Kasei (b) 

Viresolve®  NFP from Millipore Sigma (c) Viresolve®  Pro from Millipore Sigma 

and (d) Ultipor®  DV20 from Pall (Bakhshayeshi, Jackson, et al., 2011; 

Fallahianbijan et al., 2019; Hongo-Hirasaki et al., 2006). 
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2.2.3. Membrane pore size characterization 
 

The narrow PSD of virus filtration is important for maintaining high virus 

removal along with high transmission of the product. Therefore, the various PSD 

measurement methods were conducted, including high resolution imaging, dextran 

sieving test, liquid-liquid porometry, gold nanoparticle retention tests.  

Dextran sieving is commonly used method for estimating PSD of MF-UF 

grade membranes (Bakhshayeshi, Kanani, et al., 2011). By using different sizes of 

dextran (500 kDa and 2,000 kDa), different pore size distribution and porosity were 

revealed for both asymmetric and symmetric virus filtration membranes, although 

the limitation of concentration polarization effect of dextran near membrane 

surface was shown. 

Liquid-liquid porometry method is applied by using two immiscible fluids 

(Giglia et al., 2015). The study measured PSD of two commercially available virus 

filtration membranes with different hydrophilicities and structural properties, 

showed different PSD detection. Both membranes showed narrow PSD from 5 – 30 

nm, the unexpected pore diameter from 30 – 50 nm expected to have low LRV. The 

measured single-layer LRV and expected LRV based on PSD measurement showed 

linear correlation. 

Gold nanoparticle (GNP) suspension in organic solvent was effectively 

measured PSD of various virus filtration membrane (Kosiol et al., 2017). The 

organic solvent was used to prevent the undesired particle removal by adsorption of 

gold nanoparticles on membrane surface. The result obtained 99% cut-off pore 

diameter of different commercial membranes, with smaller difference between 

average pore diameter and 99% cut-off pore diameter was expected to achieve 

higher virus removal performance. 
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Imaging of membrane surface and cross-sections, such as SEM and 

transmission electron microscope (TEM) were widely used to investigate structural 

properties of membrane (Nazem-Bokaee et al., 2019). Recent study successfully 

adopted focused-ion beam SEM (FIB-SEM) technique for revealing 3D 

tomography of asymmetric virus filtration membrane (Brickey et al., 2021). The 

high-quality imaging techniques enabled to reveal not only the pore size 

distribution, but also pore interconnectivity and void fraction in asymmetric 

membrane. The effect of PSD on virus filtration performance will be discussed 

subsequently. 
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2.3. Affecting Factors of Virus Filtration Performance 

2.3.1. Membrane properties 

The main removal mechanism of virus filtration is size-exclusion mechanism, 

the virus particles retained by sieving effect (Johnson et al., 2022). Therefore, 

membrane structural properties were considered as the most important properties to 

determine overall filtration performance. The affecting structural parameters are 

PSD, membrane symmetricity, pore size gradients (PSGs), and pore 

interconnectivity. All these parameters not only affected virus removal performance, 

but also influence on the protein transmission.  

Figure 2-3 shows the effect of average pore diameter size on model virus 

surrogate PP7 removal performance (Kosiol et al., 2017). The different of average 

99% cut-off pore diameter is only few nanometers, but the great difference of 

LRVs were obtained by single layer filtration. To achieve high virus removal 

performance, most of membranes operated as double or triple layers, where the 

edge of each layer was sealed. Figure 2-4 represents the different sizes of 

fluorescently labeled nanoparticles suspension on various virus filtration 

membranes (Fallahianbijan et al., 2017). The particle retention behaviors of were 

differed by membrane symmetricity. The relatively symmetric Ultipor®  DV20 had 

20, 40, and 100 nm nanoparticle suspension in relatively upper side of the 

membrane, without distinct regions for each particle size. Conversely, asymmetric 

Viresolve®  Pro membrane, had distinguishable regions for 40 and 100 nm particles 

retention, with broad distribution of 20 nm particle through entire region. The 

different retention region of virus filtration membrane indicated the nominal pore 

size distribution difference, could affect on the virus removal performance. Recent 
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study compared the membrane PSDs by sectioning membrane single layer into 50 

layers (Shirataki & Wickramasinghe, 2023). The PSD results categorized virus 

filtration membranes as porous asymmetric membrane, dense symmetric 

membrane, and laminated structure membrane. The highest virus removal 

performance of laminated structure membrane was obtained by more virus 

retention capacity, while the most stable membrane performance was observed in 

porous asymmetric membrane by higher porosity in virus retention region. 
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Figure 2-3. Correlation of 99% cut-off pore diameters determined from gold 

nanoparticle (GNP) experiments with LRVs determined using bacteriophage PP7 

as accepted model virus for the set of membranes tested. The asterisk denotes 

filtration runs without any phages detected in the permeates (Kosiol et al., 2017).  
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Figure 2-4. Fluorescently labeled nanoparticles retention of (a) Ultipor®  DV20 

membrane and (b) Viresolve®  Pro membrane (Fallahianbijan et al., 2017). 
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Not only the PSD, but PSGs affect on the filtration performance. Figure 2-5 

shows the nanoparticle retention change by presence of protein of Viresolve®   Pro 

membrane (Fallahianbijan et al., 2019). The Viresolve®  Pro membrane, the 

nanoparticle retention was moved upper regions as protein fouling increased, 

caused stable virus retention in presence of protein. Figure 2-6 shows the same 

nanoparticle retention change of Viresolve®  NFP membrane. Unlike Viresolve®  Pro 

membrane, Viresolve®  NFP membrane showed no significant retention change via 

protein interruption. As protein deposition on membrane increased, no retention 

change cause undesired virus breakthrough via protein occupation in virus 

retention site. The different retention behaviors of Viresolve®  Pro and Viesolve®  

NFP were caused by different PSGs near filtrate side. Viresolve®  Pro showed slight 

pore size increase near filtrate side; however, rapid pore size increase showed in 

Viresolve®  NFP membrane. The rapid pore size increase near filtrate side caused 

unexpected large molecule entrance in virus retention site, resulted more severe 

protein fouling and undesired virus breakthrough (Fallahianbijan et al., 2019; 

Kosiol et al., 2018). 
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Figure 2-5. Gold nanoparticle (20 nm) retention change by protein presence in 

membrane. Viresolve®  Pro membrane was used as model membrane. (a) clean 

membrane, (b) 30% flux declined membrane, (c) 60% flux declined membrane, 

and (d) 90% flux declined membrane (Fallahianbijan et al., 2019).  
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Figure 2-6. Gold nanoparticle (20 nm) retention change by protein presence in 

membrane with Viresolve®  NFP membrane. (a) clean membrane and (b) 90% rflux 

declined membrane by human IgG (Fallahianbijan et al., 2019). 
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Most of virus filtration membranes have interconnected structure, where voids 

(pores) are connected to each other. The effect of pore interconnectivity on virus 

removal performance had been considered as negative impact, since the captured 

virus could be mobilized through interconnected region, caused undesired virus 

breakthrough (Yamamoto et al., 2014). However, recent study successfully 

confirmed the effect of pore interconnectivity on virus distribution in membrane 

(Fallahianbijan et al., 2020). The study completely blocked the certain flow path of 

membranes with different pore interconnectivities and compared virus retention 

behavior. The membranes with low connectivity showed virus retention in only 

open flow region, while highly interconnected membrane successfully retained 

nanoparticles in relatively entire region of the membrane, confirmed the 

interconnectivity enabled the further mitigation of nanoparticles in blocked region.  

Effect of membrane material was investigated, where CRC membrane showed 

higher filtration capacity than PES and PVDF membranes, but the main mechanism 

of different filtration capacity was not clearly explained (Lute et al., 2007). Depend 

on the base polymer material, the membrane structures can be varied. Therefore, 

effect of membrane materials on virus removal performance can be limited. 

Based on previous research, the virus filtration membranes are required to 

have narrow PSD, low increase of PSGs from membrane exit, and high 

interconnectivities between voids for high virus removal. However, these 

properties could adversely effect on other membrane performances, such as protein 

transmission or membrane permeability. 
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2.3.2. Chemical interactions 

Due to the size exclusion mechanism of virus removal, the effect of chemical 

interactions, such as electrostatic interaction, van der Waals force and hydrophobic 

interaction, were considered as non-effective parameters of virus filtration 

performance. However, several studies investigated the effect of chemical 

interactions between membrane and virus. In nature, virus suspension in solution is 

considered as monomeric particle suspension (Gerba, 1984). The particle charge of 

virus in solution is determined by the isoelectric point (pI) of the virus, where the 

solution pH is lower than pI value, the particle charge is positively charged; 

conversely, the solution pH is higher than pI value, the particle is negatively 

charged. Most of polymers used in virus filtration membrane is negatively charged 

under neutral pH. Table 2-3 summarized the commonly used model viruses in 

virus filtration study, with their sizes and pI values.  
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Table 2-3. Viruses typically used in validation studies (Heffron & Mayer, 2021; 

ICH, 2022; Michen & Graule, 2010). 

Virus Type Size (nm) Envelope Genome pI 

MulV Mammalian 80 – 110 Yes RNA 4.9 – 5.0 

Reovirus 3 Mammalian 60 – 80 No RNA 3.9 

SV40 Mammalian 40 – 50 No DNA 4.7 

MMV Mammalian 18 – 26 No DNA 4.5 – 6.2 

Poliovirus Mammalian 22 – 30 No RNA 8.2 

PPV Bacteriophage 18 – 26 No DNA 4.8 – 5.1 

PR772 Bacteriophage 50 – 60 No DNA 4.2 – 4.4 

PhiX-174 Bacteriophage 25 – 27 No DNA 6.0 – 7.0 

PP7 Bacteriophage 25 No RNA 4.3 – 4.9 
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The effect of chemical interaction between virus and membrane surface was 

investigated by changing solution pH or ionic strength (Dishari, Micklin, et al., 

2015). Previously reported study varied solution pH and ionic strength by using 

bacteriophage PhiX-174, the pI of 6.6. The result demonstrated higher virus 

removal performance was obtained under pH 4.9 and ionic strength of 13 mM, 

where the bacteriophage and membrane were oppositely charged. On the other 

hands, the neutrally charged condition showed high virus removal performance due 

to possible bacteriophage aggregation neutrally charged condition, enhanced the 

hydrophobic interaction between bacteriophage MS2 and membrane (Van 

Voorthuizen et al., 2001).  

 Effect of chemical interaction between virus and membrane surface showed 

controversial results, the effect of chemical interaction was not fully understood 

since the chemical interaction has considered non-effective due to the size 

exclusion mechanism of virus filtration membranes. However, the strong effect of 

oppositely charged condition between virus and membrane surface result undesired 

virus adsorption on membrane surface, caused of increasing membrane resistance 

on the surface. Therefore, further investigation of various chemical interactions 

between membrane and virus should be fully understood.  
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2.3.3. Operating pressure 

Conventional virus filtration process is operated as NFF for process simplicity 

and high product yield (Bohonak & Zydney, 2005). Depend on membrane material 

and module, suggested optimal applied pressure. The CRC membrane has optimal 

operating pressure of 98 kPa due to lower mechanical strength property of the 

polymer. Conversely, PVDF membrane has optimal operating pressure up to 298 

kPa due to high mechanical strength (Charcosset, 2012). The optimal pressure is 

determined by pressure-hold test during integrity test of the membrane. Therefore, 

the effect of operating pressure was studied in limited aspects. However, the effect 

or operating pressure showed controversial result. First, the higher operating 

pressure caused the changing in membrane pore size, caused LRV reduction 

(Arkhangelsky & Gitis, 2008). Conversely, another study showed negative impact 

of low operating pressure, showed significant LRV reduction operating pressure 

under 50 kPa (Strauss et al., 2017). Currently, the downstream process is 

developing towards continuous process (Zydney, 2016), where no orthogonal flow 

is applied during downstream process. In continuous downstream process, the 

operating pressure (flow rate) becomes significantly lower than conventional NFF 

process. The effect of low operating pressure will be discussed in 2.4.  
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2.4. Current limitations of virus filtration process 
 

2.4.1. Membrane fouling 

Membrane fouling, the undesired membrane blocking by target removal or 

transport substances, inevitably occur during all membrane filtration processes. 

Depend on the fouling substance, the fouling can be categorized as organic fouling, 

inorganic fouling, colloidal fouling, and biofouling (Guo et al., 2012). Also, depend 

on the membrane pore size and structure, fouling mechanisms were categorized as 

following mechanisms: complete pore blocking, standard blocking (pore clogging), 

intermediate blocking, and cake filtration (Hermia, 1982). Figure 2-7 shows the 

different mechanisms of membrane fouling.  
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Figure 2-7. Representative membrane fouling mechanisms (Ladewig & Al-Shaeli, 

2017). 
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Virus filtration process is also challenged by severe membrane fouling effect, 

showed adverse effect on filtration performances. First, the membrane fouling 

during virus filtration caused severe filtrate flux decline, lowering the filtration 

capacity. Also depend on membrane types, membrane fouling could affect virus 

removal performance (Bolton et al., 2005). During virus filtration, virus is captured 

in membrane retentive region, while proteins are effectively transmitted through 

the membrane. In previous studies, both virus and protein caused severe filtration 

capacity decrease during virus filtration (Burnouf & Radosevich, 2003). However, 

in real virus filtration process, virus occurrence is rare, the protein is considered as 

main foulant in virus filtration process. Therefore, the fouling study on virus 

filtration was mainly referred as protein fouling phenomenon.  

Theoretically, proteins in biopharmaceuticals are smaller than the nominal 

pore size of virus filtration membranes, able to full transmission via size difference 

between membrane pore size and proteins. However, protein in nature is 

complicated, often existed as oligomer forms and easily form aggregates under 

certain condition (Wang & Roberts, 2018). The complication of protein caused 

severe flux decline during virus filtration. The protein fouling could be evidence of 

protein loss during virus filtration by undesired protein retention in virus filtration 

membrane, however, robust product yield was shown over >95%. 

The fouling mechanism is predicted by log-log plot of the second derivative of 

volumetric throughput in inverse of filtrate flux and the inverse of filtrate flux, 

descried as following equation (Hermia, 1982). 

   (2-3) 

where t is filtration time, v is volumetric throughput, k is fouling constant, and n is 
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fouling index. The slope of log-log plot, n, determines the fouling mechanism. n 

value of 0, 1, 1.5, and 2 represent cake filtration, intermediate fouling, standard 

blocking, and complete blocking, respectively. The fouling mechanism is 

interchangeable during course of filtration, where the slope of log-log plot showed 

change as the dt/dv increase (Ho & Zydney, 2000).  

Previous studies extensively revealed the effect of protein fouling in virus 

filtration process. First, effect of membrane orientation caused severe protein 

fouling propensity change, where skin-layer down operation showed higher 

resistance of protein fouling, due to the porous region faced feed solution acted as 

prefilter, reduced the degree of protein fouling near filtrate, compared to skin-layer 

up operation (Syedain et al., 2006).  

Applying fouling models are often used to explain protein fouling mechanism 

during virus filtration. By assuming uniform and cylindrical pore structure, 

combined complete pore blockage and cake filtration model was most suitable 

fouling mechanism for bovine serum albumin (BSA) fouling for virus filtration 

membrane Viresolve®  180 (Bolton et al., 2006). The similar fouling mechanism 

was further confirmed by using Fc-fusion protein (size of 96 kDa) with various 

commercially available membranes, while different types of buffers affected on 

fouling propensity (Namila et al., 2019). Recent study demonstrated combined 

complete pore blockage and cake filtration fouling behavior of human 

immunoglobulin G (IgG), where the fouling parameters of complete pore blockage 

and cake filtration were correlated with the operating pressure (Peles, Cacace, et al., 

2022).  

The protein fouling can be mitigated by applying adsorptive prefilter with 

nominal pore size of 0.1 – 0.2 μm (Johnson et al., 2022). The adsorptive 



 

 34 

mechanism of prefilter effectively remove large aggregates and enabled increasing 

virus filtration capacity. Recent study confirmed successful removal of monoclonal 

antibodies (mAb) aggregate of nylon prefilter due to the increase of hydrophobic 

interaction between protein aggregates and the membrane (Stanevich et al., 2021). 

Although the fouling mechanism during virus filtration is well understood by 

previous studies, the negative impact of protein fouling on virus filtration is still 

considered as the most severe issue during virus filtration.  Also, most of previous 

studies used single-layer operation as simplified aspects of fouling. Therefore, the 

protein fouling phenomena in virus filtration should focus on the similar 

operational conditions as real virus filtration process. 
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2.4.2. Virus breakthrough 

Although virus filtration process provides robust virus removal performance, 

undesired virus breakthrough could occur. The observed virus breakthrough 

conditions under virus overloading during long-term operation (Lute et al., 2007), 

sever flux decline (Bolton et al., 2005), sudden flow interruption during or after 

filtration (Dishari, Venkiteshwaran, et al., 2015; LaCasse et al., 2016; Leisi et al., 

2021), and low flow rate operation (Fan et al., 2021; Yamamoto et al., 2014). The 

breakthrough propensity can be differed by type of membrane and structural 

differences (Afzal & Zydney, 2022).  

The virus retention capacity of virus filtration membranes is finite, and each 

membrane has different virus retention capacity. Once the retention capacity of 

virus filtration membrane is occupied, the virus particles could be redirected to 

relatively larger pores, caused severe virus breakthrough. Previous study compared 

virus removal performance of early developed small virus filtration membranes and 

revealed the virus loading over 1014 PFU/m2 caused phage-dominant process 

disruption, rather than protein fouling (Lute et al., 2007). The virus removal 

behavior was differed by membranes, although the study clearly indicated that the 

robust virus removal performances of all tested membranes. The mechanism of 

virus breakthrough was further investigated by using mechanistic modeling 

(Rathore et al., 2014), considered the ratio between nominal pore size of each 

membrane and the particle diameter of model virus surrogate. The mechanistic 

model successfully correlated the experimental data, enabled to predict virus 

removal performance decline under virus overloading.  

Severe flux decline by protein fouling was considered as main reason for virus 

breakthrough, by pre-occupation of virus retention site by protein fouling (Bolton 
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et al., 2005). The flux decline during virus filtration was presumed that the virus is 

flow through relatively larger pores of the membrane. The flux decline related virus 

removal performance for multi-layers virus filtration membrane can be predicted as 

following equation: 

   (2-4) 

where Sl is sieving coefficient of the combined flow through the large pores, δ is 

the fraction of initial flow rate through large pores, n is the number of layers, Q0 is 

the total initial flow rate, and Q is the flow rate. The study correlated the flux 

decline during filtration is related to the LRV reduction, rather than the LRV 

reduction as function of volumetric throughput increase by using Viresolve®  NFP 

membrane.  

Regarding effect of protein fouling on virus breakthrough, however, converse 

result was obtained by using relatively symmetric virus filtration membrane 

Ultipor®  DV20 (Jackson et al., 2014).  The membrane proposed the LRV reduction 

mechanism as internal concentration polarization effect, where virus accumulation 

near membrane surface, caused concentrated virus near membrane challenged 

during virus filtration process, while the impact of protein fouling was minimal. 

The internal concentration polarization model was described as following equation:  

   (2-5) 

where n is number of layers, S is virus sieving coefficient of membrane, V is 

filtrate volume, and VR is volume of reservoir zone, the volume of virus 

accumulated near membrane surface. The VR was estimated by visualization of 

model virus surrogate deposition on the membrane by confocal laser scanning 

microscopy (CLSM). The model successfully predicted virus removal performance 
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of both clean membrane and pre-fouled membrane up to 50% of initial flux decline.  

During virus filtration, unexpected flow interruptions were occurred in 

multiple scenarios such as using multiple reactor chamber for single virus filtration, 

in prior to buffer flush for product recovery, and sudden shut down of filtration 

process (LaCasse et al., 2016). The unexpected virus breakthrough was observed 

after re-pressurization after flow interruption (Asper, 2011). Figure 2-8 shows the 

phage migration before and after flow interruption, by challenging differently 

labeled fluorescent tagged bacteriophage. The visualization of model virus 

surrogate confirmed that virus migration occurred before/after flow interruption 

(Woods & Zydney, 2014). The main reason of virus migration during flow 

interruption can be explained by increase of the Brownian motion of the virus. The 

increase of Brownian motion was considered as problematic of virus retention 

behavior, since the virus retention site larger than virus could not constrict virus 

solely, exposure to potential risk of virus mitigation through interconnected 

structure (Yamamoto et al., 2014). The virus breakthrough increased under the 

longer period of flow interruption, supported the Brownian motion dependent virus 

breakthrough behavior (LaCasse et al., 2016). Under low pressure condition where 

the Peclet number becomes less than 1, the virus diffusion dominant flow condition 

could be resulted undesired virus breakthrough. The study revealed the effective 

diffusivity of virus in membrane becomes two orders of magnitude lower than 

diffusivity under free condition. In case of the virus size of 20 – 21 nm diameter, 

the critical flux that becomes diffusive flow dominant condition was assumed to be 

~17 LMH (Fan et al., 2021). Once the flux is lower than the critical flux, severe 

flux decline was observed under low flux condition.  
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Figure 2-8. Cross-sectional images of Ultipor®  DV20 membranes after filtration of 

fluorescently labeled PhiX-174 at constant pressure (left) and after a flow 

interruption experiments (right). The Cy5-labeled (red) phage was used in the 

challenge before the pressure release, with the SYBR gold labeled (green) phage 

used after pressure release (Dishari, Venkiteshwaran, et al., 2015). 
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2.4.3. Virus filtration process for continuous process 

As mentioned in previously section, current downstream development is 

focused on ‘continuous’ downstream process, where no orthogonal process is 

applied during downstream process. The characteristic of continuous downstream 

process is operating with low flux to balance out the entire process stream. 

However, under low flux operation, virus breakthrough could be crucial. Previous 

research aimed to validate the capability of commercial virus filtration membranes 

for continuous process (David et al., 2019). The study obtained 72 h operation of 

virus filtration with flow rate of 0.3 LMH. The used virus filtration membranes 

were confirmed its high removal performance in conventional virus filtration 

process; however, the severe virus removal performance decline was observed for 

early-developed virus removal filtration membranes. Since current virus filtration 

membranes were designed for orthogonal process, adopting current virus filtration 

membrane to continuous process must be validated in terms of virus removal 

performance and flux behaviors.  

Another concern of continuous downstream process is the increased 

concentration of protein by high product yield from cell culture and harvest process 

(Müller et al., 2022). The high concentration of product enabled the mass 

production of biopharmaceutical under the same process capacity; however, the 

high concentration of protein could cause severe filtrate flux decline during virus 

filtration, caused delay of later processes by flux decline in virus filtration step.  

Therefore, clear understanding of protein fouling and virus breakthrough 

phenomenon under continuous process clearly investigated. 
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3. Evaluation of virus filtration membrane properties 

and its relationship with filtration performances 
 

3.1. Introduction 

Viral contamination from mammalian cell-based biopharmaceutical 

production has threatened product safety (Ajayi, Johnson, Faison, Azer, Cullinan, 

et al., 2022). Viral safety during biopharmaceutical manufacturing processes must 

be ensured, and it has been stated to use at least two independent methods for 

reproducible reduction of viral load in the order of 4 logs or more (ICH, 2022). 

Virus filtration provides robust and effective virus removal capabilities without 

adversely impacting product safety (Johnson et al., 2022). Virus-retentive 

membranes are composed of polymers such as hydrophilic modified 

polyvinylidene difluoride (PVDF), polyethersulfone (PES), or cuprammonium 

regenerated cellulose (CRC), which are known to have robust mechanical strength, 

an asymmetric or a symmetric membrane structure, and a low protein binding 

capacity (Burnouf & Radosevich, 2003; van Reis & Zydney, 2007). The virus 

filtration mechanism primarily relies on size exclusion to remove the viruses, 

where the retentive region of the membrane with a pore size of 15 – 20 nm 

effectively captures viruses of similar size (e.g. murine minute virus (MMV) with a 

size of 18 – 26 nm) (Gefroh et al., 2014). Meanwhile, biopharmaceuticals (such as 

monoclonal antibodies (mAb) with a size of 9 – 12 nm) pass through the membrane 

without being captured (Adan-Kubo et al., 2019; Bakhshayeshi, Jackson, et al., 

2011; Esfandiary et al., 2013; Yamamoto et al., 2014).  

Despite the high virus removal performance (i.e., >4 log10) with >95% of 

product yield, virus filtration is still limited by protein fouling, which results in 
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decreased filtration capacity and virus breakthrough. Previous studies have 

investigated the protein fouling issue in virus filtration in terms of membrane 

properties, operational conditions, and feed solution conditions. For example, 

Syedain et al. (2006) showed that filtration with the skin-layer on the upward 

direction of the Viresolve® 180 membrane caused more severe fouling due to 

rapidly increased membrane resistance via deposited bovine serum albumin (BSA). 

Marques et al. (2009) investigated the effects of membrane materials on protein 

fouling behavior and found that a CRC membrane (i.e., PlanovaTM 20N) showed 

stabilized filtrate flux with 4 – 20 g/L of human immunoglobulin G (IgG) whereas 

PES and PVDF membranes (i.e., Virosart®  CPV and Viresolve®  NFP, respectively) 

showed flux decay before 50 L/m2. Lute et al. (2007) reported that high virus 

retention over ~1014 PFU/m2 caused both flux decay and virus breakthrough as the 

virus occupied a finite number of retention sites. A linear relationship between log-

reduction value (LRV) reduction and flux decay was demonstrated by Bolton et al. 

(2005) through a filtration experiment using the Viresolve®  NFP membrane, φX-

174 as a model virus, and BSA as a model protein. 

Protein fouling behaviors between ultrafiltration membranes and Ultipor®  

DV20 were compared, whose results showed similar complete blocking behaviors 

(Wickramasinghe et al., 2010). Bolton et al. (2006) proposed a combined model of 

cake filtration and complete blocking which was most suitable for Viresolve®  180 

membrane with BSA solution. This combined fouling behavior was also well 

described using disc-type PES and hollow fiber-type CRC membranes with Fc-

fusion proteins (Namila et al., 2019). Recently, Peles et al. (2022) proposed a 

global pore blockage-cake filtration model including pressure effects on protein 
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fouling with human IgG using Viresolve®  Pro membrane. The model indicated that 

as pressure increased, the intermediate pore blockage parameter decreased while 

the cake filtration parameter increased in the pressure range of 0.2 to 60 psi. 

Shirataki et al. analyzed protein fouling when using plasma IgG solution with 

PlanovaTM BioEX membranes by a simple generalized filtration equation, 

independent of a particular blocking model derived from the characteristic form 

(Shirataki et al., 2021). Previous studies have shed light on protein fouling during 

virus filtration, however, there is still a need to better understand it in commercially 

available virus-retentive membranes made of different materials, modules, and the 

number of layers. 

This study aimed to investigate the effects of protein fouling on filtrate flux 

and virus breakthrough of commercial membranes under the same feed 

compositions (i.e., bacteriophage MS2 as a model virus and BSA as a model 

protein). Classical fouling models (i.e., complete blocking, standard blocking, 

intermediate blocking, and cake filtration models) were applied to determine the 

most suitable model for protein fouling during virus filtration. The nominal pore 

size and distribution in retentive regions of membranes were observed through 

scanning electron microscopy (SEM) to study their potential impact on protein 

fouling behaviors. Seven commercial virus membranes have different behaviors of 

protein fouling, presented by filtrate flux and virus breakthrough, which are well-

suited for different fouling models (mostly standard blocking). These results 

provide important insights into the factors controlling the protein fouling 

phenomenon during virus filtration in the biopharmaceutical manufacturing process. 
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3.2. Materials and Method 
 

3.2.1. Materials 

Seven commercial membranes were used for virus filtration, obtained from 

Asahi Kasei Medical Co., Ltd. (Japan), Merck Millipore Ltd. (USA), Pall Corp. 

(USA), and Sartorius Stedim Biotech (Germany). The properties of commercial 

virus-retentive membranes used in this study are summarized in Table 3-1. The 

used membranes were composed of PVDF, PES, or CRC.  

Escherichia coli (E. Coli) bacteriophage MS2 (ATCC-15597-B1) and 

Pseudomonas aeruginosa bacteriophage PP7 (ATCC-15692-B4) were used as 

small virus surrogates, purchased from the American Type Culture Collection 

(ATCC® , USA). The propagation procedure from the ATCC®  product sheet was 

used for bacteriophage propagation and purification. Purified bacteriophage stocks 

were stored at 4°C. BSA  (Millipore Sigma, USA) was used as a model protein. A 

protein-suspended solution was prepared by dissolving BSA powder in 10 mM of 

bioperformance-certified phosphate buffer saline (PBS; Millipore Sigma, USA) 

solution at pH 7.4, followed by vacuum filtration with a 0.2 μm hydrophilic PVDF 

membrane filter (Hyundai Micro, Republic of Korea) to remove undesired 

particulates or protein aggregates. 
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Table 3-1. Summary of commercial virus filtration membranes used in this study. 

Manufacturer Membrane Material Module Layers 
Effective 

area (cm2) 

Operating 

pressure (bar) 

Asahi Kasei 

Medical Co., Ltd. 

PlanovaTM 

BioEX 
PVDF 

Hollow 

fiber 
1 3.0 3 

PlanovaTM 

20N 
CRC 

Hollow 

fiber 
1 10.0 1 

Merck Millipore 

Ltd. 

Viresolve®  

NFP 
PVDF Syringe 3 3.5 2 

Viresolve®  

Pro 
PES Syringe 2 3.4 2 

Pall Corp. 

PegasusTM 

Prime 
PES Syringe 2 2.8 2 

PegasusTM 

SV4 
PVDF Disc 2 13.8 3 

Sartorius Stedim 

Biotech 

Virosart®  

CPV 
PES Syringe 2 5.0 2 
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3.2.2. Virus filtration process 
 

Figure 3-1 shows the scheme of virus filtration process used in this study. In 

this study, constant pressure virus filtration was performed with operating pressure 

from 1 to 3 bar. Prior to the virus filtration experiments, a pure buffer filtration was 

performed for 30 min to membrane wetting and to remove air trapping in the 

system. After pure buffer filtration, the feed solution was switched to a model feed 

solution to perform virus filtration experiments. Feed solution filtration was 

performed up to 300 L/m2 or filtrate flux decline over 60%. The filtrate flux was 

calculated by measuring the weight change and was expressed as LMH. To analyze 

virus breakthrough and protein transmission, grab sample was collected every 50 

L/m2 during filtration experiments. 
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Figure 3-1. Scheme of normal-flow filtration virus filtration process. 
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3.2.3. Analysis 

Membrane morphologies were analyzed by SEM (SigmaHD, Carl Zeiss, 

Germany). In the top / bottom and cross-sectional images, an applied voltage of 3.0 

kV and magnification ranging from 500 to 40,000 zoom captured the best images 

for membrane structure observation. The membrane properties, such as pore 

diameter, thickness, and surface porosity, were measured using ‘Image J’ software. 

The phage titer in the feed and filtrate solutions were quantified using the 

double-layer agar method for plaque-forming assay. The collected feed or filtrate 

samples were mixed with 24 h grown 200 μL of host cells in ATCC®  medium 271 

(Escherichia medium) containing 0.5% agar solution. The mixed solution was 

poured directly into the bottom agar containing 1.5% agar medium. Hardened agar 

plates were incubated for at least 6 – 8 h at 37°C. Bacteriophages were visible as 

clear dots on the agar surface. For virus titers higher than 103 PFU/mL, serial 10-

fold dilutions were performed until the solution had no more than 103 PFU/mL. 

LRV was calculated according to following equation. 

    

   (3-1) 

where Cfiltrate and Cfeed are the virus concentrations in filtrate and feed, respectively.  

 

 

BSA and human IgG were characterized by size exclusion chromatography 

using a Waters Alliance 2695 HPLC (Waters corp., USA) equipped with TSKgel 

G3000SWXL column (Tosoh corp., Japan) and Waters 2998 PDA detector to 

determine their molecular weights, shown in Figure 3-2. Protein concentration was 

measured by UV-vis absorbance at a wavelength of 280 nm to determine protein 
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transmission.  

Membrane pore size distribution was examined by GLP method. For GLP 

analysis, Viresolve®  Pro, Viresolve®  NFP, Virosart®  CPV, and PegasusTM SV4 

membranes were used. The nominal pore size between GLP analysis and SEM 

imaging detections were compared to correlate nominal pore sizes. 
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Figure 3-2. Size exclusion chromatogram for 1 g/L of BSA and human IgG in 10 

mM PBS at pH 7.4 
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3.2.4. Confocal laser scanning microscopy (CLSM) analysis 

To confirm fouling mechanism, 2 g/L of fluorescent-tagged albumin was 

filtered with single-layer Viresolve®  Pro and PegasusTM SV4 membranes. Filtration 

process is performed over 50 L/m2 to observe filtrate flux decline by fluorescent-

tagged albumin. The filtered membranes were further examined with confocal laser 

scanning microscopy (CLSM, LMS 510 META, Carl Zeiss, Germany) with x63 

and x100 oil immersion lens.  

To prepare cross-section membrane samples, fluorescent-tagged albumin 

filtered membranes were embedded in paraffine. The embedded membrane was cut 

orthogonally with thickness of 15 μm by using microtome (Leisi et al., 2021). To 

fluorescent observation, 488 nm wavelength was chosen. 
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3.3. Results and Discussion 

3.3.1. Membrane characterization 

Figure 3-3 shows SEM images of the top surface, cross-section, retentive 

region, and bottom surface of the commercial virus-retentive membranes. 

Membrane single layer thickness, top surface pore diameter, and nominal pore 

diameter in the retentive region are summarized in Table 3-2. SEM images of 

cross-section and retentive regions enabled the determination of membrane 

symmetricities for the following: PegasusTM SV4, Virosart®  CPV, Viresolve®  NFP, 

PegasusTM Prime, and Viresolve®  Pro. Membrane symmetricities of hollow fiber 

membranes, PlanovaTM BioEX and PlanovaTM 20N, could not be clearly 

determined using SEM images as these membranes are known to be asymmetric, 

with relatively narrower PSD through entire region than other asymmetric 

membranes (Adan-Kubo et al., 2019; Nazem-Bokaee et al., 2019). The cross-

section image of Viresolve®  Pro showed three distinct regions: an upper 60 μm 

region of relatively porous structure with larger pores, a middle denser region of 40 

μm with large pores, and a bottom 40 μm region of small pores distributed 

throughout. PegasusTM Prime and Viresolve®  NFP had two distinctive regions: a 

thicker, larger pore region and a thin virus-retentive site. The porous and retaining 

regions were barely distinguishable in cross-section SEM images of Virosart®  CPV 

and PegasusTM SV4. However, the retentive region images allowed for the 

comparison of the nominal pore diameter, which was close to 20 nm. Viresolve®  

Pro, PegausTM Prime, and Viresolve®  NFP had the smallest pore diameters near the 

filter exit, a similar pore diameter near the bottom surface. Virosart®  CPV had the 

20 – 30 nm pore diameter region located 6 μm above the membrane exit. 
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PegasusTM SV4 showed a relatively even distribution of both large (80 – 100 nm) 

pores and small pores (30 – 40 nm) throughout the entire region. Viresolve®  Pro, 

PegasusTM Prime, and Virosart®  CPV showed average pore diameters from 16.4 to 

28.4 nm in the retentive region. Viresolve®  NFP and PegasusTM SV4 showed 

nominal pore diameters of 45.9 ± 13.7 and 33.7 ± 11.1 nm, respectively. It was 

noted that 2D image analysis for membrane morphology had some limitations, 

such as limited estimation of the circular shape of pores, discrepancy of cross-

sectional pore structure, and limited analysis of pore interconnectivity. Although 

3D image analysis, for example using FIB-SEM tomography, provides better 

interpretation (Brickey et al., 2021), 2D SEM images can be used to simply 

distinguish structural differences among virus-retentive membranes. The difference 

in membrane structure and nominal pore size suggested that different fouling 

propensities and virus removal performances are expected under the same 

experimental conditions. 

In addition to SEM images, gas-liquid prometry data of Viresolve®  Pro, 

Viresolve®  NFP, Virosart®  CPV, and PegasusTM SV4 membranes were obtained to 

compare nominal pore size and pore size distribution. As seen Figure 3-4, varied 

PSD profiles were obtained by each membrane, as seen in their SEM images. 

Viresolve®  Pro and NFP showed narrow PSD with relatively larger average pore 

size of NFP; in contrast, Virosart®  CPV and PegasusTM SV4 obtained broad PSD. 

The measured average pore diameter of Viresolve®  Pro, Viresolve®  NFP, Virosart®  

CPV, and PegasusTM SV4 were 21.6, 23.5, 22.6 and 23.4 nm, respectively.  
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Figure 3-3. SEM images of commercial small virus-retentive membranes. 
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Table 3-2. Single layer thickness, top surface pore diameter, and nominal pore diameter of commercial virus filtration membranes. 

 

 Viresolve®  Pro 
PegasusTM 

Prime 

Viresolve®  

NFP 

PlanovaTM 

BioEX 
Virosart®  CPV PlanovaTM 20N PegasusTM SV4 

Single layer 

thickness (μm) 
140 80 140 40 110 20 25 

Top surface pore 

diameter (μm) 
3.0 ± 2.0 0.2 ± 0.4 0.3 ± 0.1 0.2 ± 0.1 0.1 ± 0.04 0.2 ± 0.04 0.1 ± 0.02 

Nominal pore 

diameter (nm)† 27.2 ± 6.0 16.4 ± 5.8 45.9 ± 13.7 n.a. 28.4 ± 8.3 n.a. 33.7 ± 11.1 
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Figure 3-4. Pore size distribution (PSD) of Viresolve®  Pro, Viresolve®  NFP, 

Virosart®  CPV, and PegasusTM SV4 membranes. PSD was measured by gas-

liquid porometry (GLP). 
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Chemical composition and hydrophobicity of membrane surfaces were 

analyzed using X-ray photoelectron spectroscopy and contact angle analyzer, and 

results are summarized in Table 3-3. As expected, results of chemical composition 

were represented each material (i.e., PVDF, PES, or CRC). Additional sulfur and 

nitrogen peaks observed in PES membranes and PVDF membranes showed an 

oxygen peak. In terms of surface hydrophobicity, PegasusTM Prime had a 

hydrophilic surface (i.e., <20° of contact angle), while Viresolve®  NFP had a 

hydrophobic surface (i.e., 114° of contact angle). Other membrane contact angles 

were in the range of 63 – 92° except PlanovaTM 20N which was immediately wet 

during the measurement. 
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Table 3-3. X-ray photoelectron spectroscopy (XPS) and contact angle data for 

virus-retentive membranes. 

Membrane Material 

Element composition in atomic concentration (%)† 
Contact 

angle(deg) 

Carbon Oxygen Sulfur Fluorine Nitrogen¶ 

Viresolve®  

Pro 
PES 74.2 21.0 3.6 - 0.4 70‡ 

PegasusTM 

Prime 
PES 74.8 18.3 4.0 - 2.7 <20‡ 

Viresolve®  

NFP 
PVDF 56.2 2.7¶ - 41.1 - 114‡ 

PlanovaTM 

BioEX 
PVDF 51.7 4.1¶ - 44.1 - 85§ 

Virosart®  

CPV 
PES 75.5 17.7 4.0 - 2.3 63‡ 

PlanovaTM 

20N 
CRC 61.8 38.2 - - - N/A§ 

PegasusTM 

SV4 
PVDF 55.7 3.9

¶ - 40.4 - 92‡ 

† analyzed by Axis Nova (Shimadzu, Japan) 

‡ Contact angle measured using sessile drop method (DSA300, KRÜ SS, Germany) 

§ Contact angle measured using Wilhelmy method (Sigma 701, KSV Instruments 

Ltd, USA) Noted that PlanovaTM 20N was rapidly wet during the measurement 

which showed <5°. 

¶ Unexpected oxygen peaks from PVDF membranes and nitrogen peaks from PES 

membranes indicated further hydrophilic treatment after membrane fabrication, 

although the treatment method is unknown. 
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3.3.2. Effect of protein fouling and its affecting factors 

The filtrate flux results for PBS solution and feed solution (comprised of 1 g/L 

BSA and ~107 PFU/mL MS2 bacteriophage in 10 mM PBS solution at pH 7.4) for 

seven commercial virus-retentive membranes are summarized in Table 3-4. The 

buffer flux of each membrane at optimal operating pressure varied from 45.7 to 

511.5 LMH; the highest flux was observed in Viresolve®  Pro, and the lowest flux 

was observed in PegasusTM SV4. Different membrane morphologies, such as 

membrane thickness, PSD, porosity, and nominal pore diameter of the bottom layer, 

could have resulted in different filtrate flux behaviors (Wickramasinghe et al., 

2010). Membranes with higher initial flux such as Viresolve®  Pro, PegasusTM 

Prime and Viresolve®  NFP showed a large immediate flux decline while other 

membranes showed insignificant flux decline. This is possibly due to the effect of 

concentration polarization and/or protein fouling during the flux measurement (i.e. 

5 min). It is noted that high BSA transmissions over 95% were seen in all 

membranes regardless of the flux decay. 
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Table 3-4. Filtrate fluxes of virus-retentive membranes with 10 mM of PBS or feed solution. 

Filtrate flux 

(LMH) 
Viresolve®  Pro 

PegasusTM 

Prime 

Viresolve®  

NFP 

PlanovaTM 

BioEX 
Virosart®  CPV PlanovaTM 20N PegasusTM SV4 

PBS buffer 511.5 ± 13.7 473.0 ± 45.8 395.6 ± 40.1 150.6 ± 4.0 121.9 ± 11.4 75.4 ± 1.5 45.7 ± 1.1 

Feed 

solution† 
447.1 ± 6.6 346.7 183.7 142.4 ± 5.1 109.6 ± 4.4 68.3 ± 3.6 43.2 ± 1.3 

† Feed solution was composed with 1 g/L of BSA with ~107 PFU/mL MS2 bacteriophage in 10 mM PBS solution at pH 7.4. 
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Figure 3-5 shows the filtrate flux behavior during virus filtration with the feed 

solution as a function of volumetric throughput of up to 80 – 300 L/m2. Data were 

obtained from two to four replicates, besides PegasusTM Prime and Viresolve®  NFP. 

Note that some error bars are invisible due to their small values for Viresolve®  Pro, 

PlanovaTM 20N, and PegasusTM SV4. PlanovaTM BioEX, PlanovaTM 20N, and 

PegasusTM SV4 showed 10 – 14% of flux decay ranging from 170 – 300 L/m2 of 

volumetric throughput. Other membranes showed more severe flux decay: 60% for 

Viresolve®  Pro until 300 L/m2, 86% for PegasusTM Prime until 285 L/m2, 66% for 

Virosart®  CPV until 150 L/m2, and 82% for Viresolve®  NFP until 80 L/m2. The 

order of the fouling propensity is as follows: PlanovaTM 20N, PlanovaTM BioEX, 

PegasusTM SV4, Viresolve®  Pro, PegasusTM Prime, Virosart®  CPV, and Viresolve®  

NFP.  
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Figure 3-5. Filtrate flux behavior of virus retentive membranes (PlanovaTM BioEX, 

PlanovaTM 20N, and PegasusTM SV4 (top)) and Viresolve®  Pro, PegasusTM Prime, 

Viresolve®  NFP, and Virosart®  CPV (bottom)), presented by normalized flux (J/J0) 

as a function of volumetric throughput (L/m2). Feed solution contained 1 g/L of 

BSA with ~107 PFU/mL of MS2 bacteriophage in 10 mM PBS solution at pH 7.4. 
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To investigate the flux decay caused by the presence of protein, another set of 

virus filtration experiments were carried out with ~107 PFU/mL MS2 

bacteriophage in a 10 mM PBS solution at pH 7.4. In the absence of protein in the 

solution, flux decay was negligible up to 170 – 300 L/m2 for all membranes except 

Viresolve®  NFP, which showed 15% flux decay until 300 L/m2, as shown in 

Figure 3-6. Additionally, initial flux of virus-only solution was almost the same as 

buffer flux, indicating that the lower initial flux of feed solution containing protein 

and flux decay were mainly caused by the presence of protein. Severe flux decay of 

Viresolve®  NFP with virus solution could be explained by large pore size gradients 

(PSGs), as it is made by casting on top of a microfiltration membrane 

(Fallahianbijan et al., 2019). It is noted that membranes with steep PSGs are more 

prone to protein fouling (Kosiol et al., 2018). Additionally, the low 

interconnectivity of Viresolve®  NFP near the exit side caused hindrance in flow 

distribution by virus particles, which were instead captured in virus retentive region 

(Fallahianbijan et al., 2020). To confirm protein dominant fouling mechanism in 

virus filtration, Viresolve®  Pro membrane was tested without 107 PFU/mL MS2 

bacteriophage suspension, showed similar flux decline behavior with 107 PFU/mL 

MS2 suspended solution, confirmed protein dominant fouling effect of virus 

filtration process (data not shown). 
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Figure 3-6. Filtrate flux behavior of virus retentive membranes presented by 

normalized flux (J/J0) as a function of volumetric throughput (L/m2). Feed solution 

contained ~107 PFU/mL of MS2 bacteriophage in 10 mM PBS solution at pH 7.4. 
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Flux decay by membrane fouling could be affected by hydrodynamic 

conditions, membrane properties, and feed solution compositions (Koo et al., 2012; 

Marshall et al., 1993). It seemed that the membranes having a relatively higher 

filtrate flux (e.g., Viresolve®  Pro, PegasusTM Prime, and Viresolve®  NFP), might 

relate to the hydrodynamic drag force. As shown in Figure 3-7a, flux decay is 

plotted as a function of the initial buffer flux. It appears that a higher drag force 

leads to greater flux decay, although the correlation is not linear (R2 = 0.56). The 

higher drag force of the membrane is related to the membrane symmetricity, as 

asymmetric membranes showed faster buffer flux. Further investigation was 

approached by categorizing membranes by its polymers (PES or PVDF). As results, 

the O/C ratio of each material seemed to related protein fouling propensity, as 

higher O/C ration on the membrane surface showed flux decline for both PES and 

PVDF membranes (Figure 3-7b). The higher O/C ratio showed lower protein 

fouling tendency with not only membrane materials, but also similar asymmetric 

structure membranes Viresolve®  Pro, PegasusTM Prime, and Viresolve®  NFP. For 

these membranes, pore size gradients near filtrate side were compared. Viresolve®  

Pro and PegasusTM Prime showed 4 – 8 nm/μm increase of pore diameter from 

membrane exit to upper side, while Viresolve®  NFP showed over 16 nm/μm 

increase, considered as ‘steep’ pore size gradient. The PSG characteristics of 

Viresolve®  NFP showed severe fouling, compared to other asymmetric membranes 

(Figure 3-7c). This result was consistent with previously reported results that 

‘shallow’ pore size gradients showed low flux decline as slow increase of pore size 

acted as ‘pre-filter’ to protect large molecules deposition near active layer of the 

membrane (Kosiol et al., 2018).  The steep pore size change was critical to fouling 

propensity regardless of the direction of pore size increase. Unlike other 
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asymmetric membranes, Virosart®  CPV had decreased pore size gradients from 

membrane exit to upper 6 μm region. The decreased pore size gradients with rapid 

pore size change caused not only relatively low membrane permeability, but also 

severe protein fouling compared to other low filtrate flux membranes.  

Not only pore size gradients near filtrate side, but also membrane upper region 

membrane structure was compared between Viresolve®  Pro and PegasusTM Prime 

membranes. Figure 3-7d shows the SEM images of upper 10 μm cross-section of 

Viresolve®  Pro and PegasusTM Prime membrens. The membranes had similar pore 

size gradients near filtrate side, but distinctive fouling behaviors were obtained. As 

mentioned above, the upper region of Viresolve®  Pro showed pore size over 1 μm, 

acted as effective pre-filter for large molecules or protein aggregates. PegasusTM 

Prime, however, obtained upper region pore size of 200 – 300 nm, caused more 

severe fouling in upper region for faster filtrate flux decline than Viresolve®  Pro 

membrane. 

Based on the experimental results of protein fouling of tested membranes and 

its relationship to membrane properties, it can be concluded that membrane 

symmetricity, pore size gradients, and higher oxygen content on membrane surface 

were key three factors to control protein fouling in virus filtration. To clearly 

investigate membrane symmetricity on protein fouling propensity, Viresolve®  Pro 

and PegasusTM SV4 membranes were tested under the same hydrodynamic force 

conditions, as seen in Figure 3-8. Regardless of the same hydrodynamic force 

conditions, Viresolve®  Pro membrane showed higher degree of protein fouling 

compared to PegasusTM SV4 membrane due to the asymmetric membrane structure 

with dense active layer near filtrate side.  
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Figure 3-7. (a) Flux decay by 1 g/L BSA vs. pure buffer flux of commercial virus 

filtration membranes, (b) Flux decay by 1 g/L BSA vs. O/C ratio of membrane 

surface (c) Pore size gradients comparison between asymmetric membranes and (d) 

SEM images of upper cross-section of Viresolve®  Pro and PegasusTM Prime. 
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Figure 3-8. Filtrate flux as function of volumetric throughput of Viresolve®  Pro 

and PegasusTM SV4 under filtrate flux of 50 LMH. 
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3.3.3. Fouling mechanism difference by membranes 

Classical fouling models were introduced to explain various filtrate flux 

behaviors due to protein fouling in virus-retentive membranes. Initially, double 

logarithmic plot of d2t/dv2 vs. dt/dv was plotted to obtain fouling index from slope 

value. The values of 0, 1, 1.5, and 2 indicate cake filtration, intermediate blocking, 

standard blocking (pore constriction) and complete blocking, respectively (Hermia, 

1982). The obtained slopes of all membranes indicated complete blocking model (n 

= 2) as shown in Figure 3-9. Although main foulant by complete blocking is 

assumed to be large oligomers in the BSA solution, seven membranes showed 

different behavior of the filtrate flux for during BSA fouling, indicated fouling 

mechanism could be differed by each membrane. Therefore, the most suitable 

fouling model was determined when the fouling model as a function of filtration 

time showed the highest correlation with experimental data. Model prediction of 

each fouling type used the following equations (Iritani & Katagiri, 2016). 

      (3-2) 

             (3-3) 

           (3-4) 

                   (3-5) 

where J0 is the initial filtrate flux, kb, ks, ki, kc are the fouling constants for each 

model, and t is the filtration time. The highest correlation between experimental 

data and model calculation was determined by the root mean squared errors 

(RMSE), calculated as following equation. 
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   (3-6) 

where Jexp is the experimental flux and Jmodel is the flux calculated from the best-

fitted model described in equations above. The best-fit fouling model was 

determined with the lowest RMSE value unless it was similar with others. The 

best-fit fouling models with 1 g/L of BSA solution were determined as follows: 

complete blocking model for Viresolve®  Pro and Virosart®  CPV, standard blocking 

model for PegasusTM Prime and Viresolve®  NFP. The fouling model for PlanovaTM 

BioEX, PlanovaTM 20N, and PegasusTM SV4 were unable to be determined due to 

their less flux decay up to filtration time of 2 – 4 h a/nd similar RMSE values for 

all fouling models. Consider the smaller size of BSA compared to nominal pore 

size of virus filtration membranes, the pore constriction (standard blocking) model 

is seemed to be suitable, as shown for PegasusTM Prime and Viresolve®  NFP. On 

the other hand, Virosart®  CPV which has decreased PSGs from membrane exit 

caused complete blocking by not only large oligomers of BSA, but also smaller 

dimers of BSA near upper 5 – 6 μm region from the exit side.  

The protein fouling mechanism was further confirmed by CLSM cross-section 

images of Viresolve®  Pro and PegasusTM SV4 membranes by fluorescently labeled 

albumin filtration (Figure 3-10). As seen inf Figure 3-10, different fouling regions 

were observed. Viresolve®  Pro showed majority of protein blocking near filtrate 

side, where small pores are distributed densely. In contrast, protein deposition 

behavior PegasusTM SV4 showed that most of protein deposited near the top 

surface. The protein fouling visualization confirmed that significant pore blocking 

caused filtrate flux decline for Viresolve®  Pro membrane and cake layer formation 

of PegasusTM SV4, although the flux decline of PegasusTM SV4 was insignificant. 
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The different fouling mechanism by membrane structures suggest the importance 

of membrane structure since the structural properties determine not only the filtrate 

flux decline behaviors, but also the different fouling mechanism occur under the 

same feed solution compositions. Recently, combined complete pore blocking and 

cake filtration fouling mechanism by 1 g/L human IgG fouling was proposed (Peles, 

Fallahianbijan, et al., 2022), suggested that actual fouling phenomenon during virus 

filtration is complicated. 
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Figure 3-9. Fouling index prediction plot (d2t/dV2 vs. dt/dV) for 1 g/L of BSA and 

~107 PFU/mL of MS2 bacteriophage in 10 mM PBS at pH 7.4. 
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Figure 3-10. CLSM cross-section images of fluorescently labeled albumin filtered 

membranes. Top: Viresolve®  Pro and bottom: PegasusTM SV4. 
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3.3.4. Virus breakthrough behavior comparison 

Figure 3-11 shows the virus breakthrough behavior, presented as LRV change, 

as a function of volumetric throughput under 1 g/L BSA with 107 PFU/mL MS2 

bacteriophage solution. No virus breakthrough was observed for most membranes 

until 150 – 300 L/m2 except for Viresolve®  NFP and PegasusTM SV4. LRV 

decreased to 1.2 and 4.5 for Viresolve®  NFP until 80 L/m2 and PegasusTM SV4 

until 170 L/m2, respectively. Viresolve®  NFP demonstrated the most severe flux 

decay and virus breakthrough. It is noticed that only the LRV performance of 

Viresolve®  NFP is linearly related to the filtrate flux (Bolton et al., 2005). The flux 

decay dependent LRV reduction indicates that possible foulants (i.e., viruses or 

proteins) could inhibit virus retention and cause virus breakthrough. On the other 

hand, PegasusTM SV4 showed some virus breakthrough but less flux decay, 

indicating that protein fouling propensity is not directly related to the virus 

breakthrough behavior. Instead, both membranes have relatively large nominal 

pore diameters, which largely affects LRV performance (Kosiol et al., 2017). 

Similar behavior of virus breakthrough for both membranes was also observed in 

the absence of protein in the solution, which presented less LRV reduction on the 

right at Figure 3-11. It appeared that the presence of proteins could affect to virus 

breakthrough behavior in some cases. 

Additional experiments were performed to evaluate the effects of virus size on 

filtrate flux and virus breakthrough behaviors, as shown in Figure 3-12. Data was 

obtained from similar virus filtration using Viresolve®  NFP and PegasusTM SV4 

with bacteriophage PP7, which is known to be slightly larger than bacteriophage 

MS2 (Tars et al., 2000). Interestingly, no virus breakthrough was observed for 

PegasusTM SV4, while virus breakthrough behaviors for Viresolve®  NFP are 
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similar as the same titer of MS2 filtration. Note that the nominal pore size of 

PegasusTM SV4 was slightly larger (i.e., 33.2 nm) than that of PP7, and that of 

Viresolve®  NFP was much larger (i.e., 45.9 nm). Only a few nanometers of 

difference appear to have a significant impact on virus breakthrough behavior.  

Figure 3-13 shows the nominal pore size comparison between SEM image 

analysis and GLP pore size measurement. The SEM image seemed overpredict the 

nominal pore diameter of membranes due to the images were taken under dry state. 

Also, the pore diameter was measured by assuming pore shapes were circular, 

while most of virus filtration membranes had non-circular pore shape. However, 

the GLP data correlated with SEM pore diameter measurement, where slightly 

larger nominal pore size detection of Viresolve®  NFP and PegasusTM SV4 

membrane. Not only larger nominal pore size, but also, pore diameter detection of 

~ 30 nm were detected for both Viresolve®  NFP and PegasusTM SV4 membrane, 

caused undesired virus breakthrough by 107 PFU/mL MS2 bacteriophage filtration. 
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Figure 3-11. Left: log reduction value (LRV) as function of volumetric throughput 

feed solution with 1 g/L of BSA and 107 PFU/mL MS2 bacteriophage in 10 mM 

PBS Right: 107 PFU/mL MS2 only in 10 mM PBS. Upper arrows indicated no 

phage detection in filtrate up to the volumetric throughput where arrows placed. 
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Figure 3-12. Log reduction value (LRV) as function of volumetric throughput of 

Viresolve®  NFP and PegasusTM SV4 with 1 g/L BSA and 107 PFU/mL of PP7 

bacteriophage in 10 mM PBS solution, in comparison with LRV of 107 PFU/mL of 

MS2 bacteriophage (x marks). 
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Figure 3-13. Pore size measurement correlation between SEM images and GLP 

analysis. 
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3.3.5. Effect of protein concentration on filtration performance 

       Figure 3-14a and Figure 3-14b shows filtrate flux and virus breakthrough 

behaviors as functions of volumetric throughput by using 5, 10, and 20 g/L of BSA 

with ~107 PFU/mL MS2 bacteriophage in PBS solution. Viresolve®  Pro and 

PegasusTM SV4 were selected due to different protein fouling propensities and 

membrane morphology. Initial filtrate fluxes for Viresolve®  Pro decreased from 

346.7 LMH to 242.6 LMH due to increased BSA concentration, while those for 

PegasusTM SV4 were similar at 40.5 – 41.5 LMH due to a much lower drag force. 

Higher drag force for Viresolve®  Pro increased the effect of concentration 

polarization and possibly accumulated more proteins during the initial flux 

measurement. On the other hand, these effects became insignificant for PegasusTM 

SV4 due to lower initial flux.  

Interestingly, the best-fitted fouling model for Viresolve®  Pro was changed to 

the standard blocking at higher protein concentration with showing the lowest 

RMSE value (Table 3-5). Viresolve®  Pro had shallow PSGs from membrane exit 

with high interconnectivity (Brickey et al., 2021; Fallahianbijan et al., 2020) where 

relatively lower contents of large oligomers dominantly blocked the pores (i.e. 

complete blocking) at 1 g/L of BSA solution while relatively smaller BSA with 

large contents (>75%) at higher protein concentration condition would mainly 

clogged the pores, resulted in the changed the model to standard blocking. On the 

other hand, RMSE of all fouling models for PegasusTM SV4 showed similar value 

regardless of protein concentration, with the closest model could be cake filtration. 

The virus breakthrough, presented in Figure 3-14c and Figure 3-14d, 

deteriorated with increased protein concentration. In the case of Viresolve®  Pro, 

there was no detection of bacteriophage until 300 L/m2, corresponding to 300 g/m2 
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of protein mass throughput with 1 g/L of BSA. However, visible plaques were 

found in filtrate samples at higher BSA concentrations. Viresolve®  PRO showed the 

first phage detection at approximately 300 g/m2. On the other hand, initial virus 

breakthrough was observed with PegasusTM SV4 at 10 g/L and 20 g/L of BSA 

concentration due to relatively larger pore diameter. It seems that high protein 

concentration may cause earlier virus breakthrough during filtration, potentially 

leading to a failure in viral clearance. In addition, Viresolve®  Pro seemed to be 

lower virus breakthrough due to its narrow pore size distribution. 

In order to clearly define the phenomenon of virus breakthrough in both 

membranes, a pre-fouling experiment was performed by 10 g/L BSA filtration up to 

30 L/m2 and then ~107 PFU/mL of MS2 bacteriophage solution was filtered up to 

the similar throughput as protein added. As shown in Figure 3-15, results showed 

higher virus retention under pre-fouling conditions for both membranes, indicating 

neither filtrate flux decline nor certain protein mass loading was responsible for 

virus breakthrough; the high concentration of protein inhibited the virus retention 

selectivity during filtration. When the protein and virus were co-mixed in the buffer, 

this caused undesired breakthrough. The different virus removal performances 

between virus filtration after protein fouling and virus-protein co-suspended 

solutions suggest that the solution complexity affects virus removal, regardless of 

the structural differences.  
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Figure 3-14. Filtrate flux (a and b) and virus breakthrough (c and d) behavior of 

Viresolve®  Pro and PegasusTM SV4 membranes, under 5, 10 and 20 g/L BSA with 

107 PFU/mL MS2 bacteriophage in 10 mM PBS solution, as function of volumetric 

throughput increase. 
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. Table 3-5. RMSE of Viresolve®  Pro and PegasusTM SV4 membranes during virus 

filtration with 5, 10 and 20 g/L of BSA solution. The lowest RMSE was 

assumed to the most suitable fouling model. 

 

 
Protein 

conc. (g/L) 

Complete 

blocking 

Standard 

blocking 

Intermediate 

blocking 
Cake 

filtration 

Viresolve
®  Pro 

5 10.1 7.5 21.1 41.5 

10 10.4 3.9 14.8 33.8 

20 6.0 2.8 10.0 21.9 

PegasusT

M SV4 

5 2.8 2.6 2.4 2.0 

10 0.8 0.6 0.5 0.4 

20 4.1 3.4 2.9 2.0 
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Figure 3-15. LRV as a function of volumetric throughput for pre-fouling 

experiment using Viresolve®  Pro and PegasusTM SV4 membranes. Feed solution 

contained 10 g/L of BSA with ~107 PFU/mL MS2 bacteriophage in 10 mM PBS 

solution. x marks from LRV were obtained data from Figure 3-11. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 84 

3.4. Summary 

In this chapter, the effect of protein fouling on filtrate flux decline and virus 

breakthrough behaviors were investigated using seven different commercially 

available small-virus removal membranes. This study aimed to define relationship 

between membrane properties and its impact on filtration performance. As results, 

membrane symmetricity contributed to determine membrane permeability, as 

asymmetric structure membranes showed higher permeability than relatively 

symmetric membranes, prone to fast filtrate flux decline by protein filtration. For 

asymmetric membranes, pore size gradients near filtrate were important factor to 

determine protein fouling propensity, as increased pore size gradients with low 

pore size increase showed less fouling propensity due to actively remove large 

molecules near filtrate side. Not only structural properties, but also higher oxygen 

component caused lower fouling propensity. In terms of virus removal performance, 

most of membranes maintained LRV over 7 up to 300 L/m2 with or without 

presence of protein in feed solution. Membranes with broader PSDs with >25nm 

pore detection was responsible for undesired virus breakthrough. 
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4. Virus breakthrough behaviors under various feed 

solution compositions and operating conditions 
 

4.1. Introduction 

Viral contamination from mammalian cell-based bioproducts has been critical 

concern for the biotechnology industry (Ajayi, Johnson, Faison, Azer, Jackie, et al., 

2022). Current regulation for viral safety requires validation of viral safety from 

raw materials, during downstream process, and final products (ICH, 2022). To 

ensure viral safety, downstream process includes at least two viral clearance 

processes, such as viral inactivation and virus filtration (Shukla & Aranha, 2015). 

Virus filtration process, polymer-based membrane filtration process for virus 

removal, is considered as key unit operation to ensure viral safety from both 

adventitious and endogenous viruses (Johnson et al., 2022). In particular, the worst-

case scenario virus in mammalian-cell derived products, murine minute virus 

(MMV) from Chinese hamster ovary (CHO) cell can be effectively removed by 

virus filtration process (Gefroh et al., 2014). The nominal pore size of virus 

filtration membrane is approximately 20 nm for effective removal of virus with 

high transmission of biopharmaceuticals (Roth et al., 2020). 

The main removal mechanism of virus filtration membrane is size exclusion, 

where virus is ‘captured’ in virus retentive region of the membrane, similar to the 

depth filters (Nejatishahidein & Zydney, 2021). Therefore, the membrane 

morphology is considered as key factor determining virus removal performance. 

For membranes with homogeneous structure, the virus removal mechanism and its 

modeling were well-established. Jackson et al. proposed the internal concentration 

polarization model, the “free” virus accumulation near membrane surface caused 
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overchallenge of virus particles near membrane surface, resulted as undesired virus 

breakthrough (Jackson et al., 2014). For asymmetric structure membranes, virus 

removal mechanisms have been explained by visualizing the retention behaviors of 

viruses or representative virus surrogates such as nanoparticles or bacteriophages 

(Fallahianbijan et al., 2017; Leisi et al., 2021). Leisi et al. reported that asymmetric 

membranes were less prone to virus particle attenuation due to dense rejection 

layer acted as barrier of virus breakthrough (Leisi et al., 2021). Recent study 

showed structural difference between homogenous PegasusTM SV4 virus filter and 

highly asymmetric Viresolve®  Pro membrane by focused-ion beam scanning 

electron microscopy (FIB-SEM) (Russell et al., 2023), showed highly accurate 

pore structure difference and the different nanoparticle retention performances.  

Previous studies well established the robust virus retention mechanism of 

virus filtration membranes, and the risk of undesired virus breakthrough under 

certain process condition was reported, such as flow interruption (Dishari, 

Venkiteshwaran, et al., 2015) and low filtrate flux operation (Fan et al., 2021; 

Yamamoto et al., 2014). Flow interruption mostly occurred during post buffer flush 

for product recovery (LaCasse et al., 2016), while low filtrate flux operation is 

aimed to adopt virus filtration process in continuous downstream process (Zydney, 

2016). The main reason of virus breakthrough via flow interruption or low flux 

filtration was considered to be increase of virus diffusion force, which enabled the 

passage of virus through the interconnected pore structure (Yamamoto et al., 2014). 

The diffusive dominant flow rate can be determined by the Peclet number, where 

the Peclet number is less than 1 is considered as the diffusive force dominant flow 

condition. Previous study reported that the effective virus diffusivity in membrane 

substrate is approximately two orders of magnitude lower, equivalent diffusive 
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force dominant flow of MMV was to be approximately 36 LMH (Fan et al., 2021). 

The objective of this study was to determine virus breakthrough point under 

various conditions, such as overchallenged virus per unit membrane area, high 

protein concentration, flow interruption and low flux filtration. The main results 

determined robust virus retention capacity up to 1012 PFU/m2 for model virus 

surrogate, without protein interruption or flow conditions. The effect of protein, 

flow interruption, and low filtrate flux were investigated, suggest safe virus 

filtration operation for current and future downstream process. 
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4.2. Materials and methods 

4.2.1. Materials 

The Viresolve®  Pro micro 40 devices (VPMKVALNB9) from EMD Millipore 

Corporation (Bedford, MA, USA) was used for virus filtration experiments. The 

device consists of two layers of Virsolve®  Pro membrane, packed as syringe 

module with an effective membrane area of 3.4 cm2. Pseudomonas aeruginosa 

bacteriophage PP7 (ATCC-15692-B4) and Escherichia coli (E. coli) bacteriophage 

MS2 (ATCC-15597-B1), purchased from the American Type Culture Collection 

(ATCC® , USA), were used as small virus surrogates. For most of experiments, 

bacteriophage PP7 was used, as commonly used virus surrogate in previous studies 

(Jackson et al., 2014; Kosiol et al., 2019). Bacteriophage propagation and 

purification procedure was followed by ATCC®  product sheet (Adams, 1959). 

Briefly, single cell was cultured in appropriate nutrient media for 18 h at 37℃, then 

200 μL of a high phage titer stock was spiked into host cell and stored overnight in 

37℃ without agitation. The phage suspended solution was purified via 

centrifugation at 3,000 × g for three times for collect the supernatant. The 

supernatant was further purified by 0.2 μm filtration to remove residual cell debris 

and undesired particulates. The phage stock was stored in 4℃ in prior to use in 

filtration experiments. 

Bioperformance-certified phosphate buffer saline (PBS, P5368; Merck, USA) 

was used as the model buffer solution. 1 pouch of power equivalents with 10 mM 

phosphate buffer containing 137 mM NaCl and 2.7 mM KCl at pH of 7.4. Bovine 

serum albumin (BSA, A7906; Merck, USA) was selected as the model protein. 
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4.2.2. Virus filtration process 

Virus filtration was performed under constant pressure with N2 gas purging 

with applied pressure of 2 bar, close to manufacturer’s suggested operating 

pressure. In prior to virus filtration, buffer flux was measured with pure buffer 

solution over 50 L/m2 for membrane wetting and flux stabilization. Once pure 

buffer flux is measured, the feed solution was switched to either virus suspended 

solution or virus and protein suspended solution for virus filtration. Depend on 

virus titer and protein concentration, the volumetric throughput for each 

experiment was varied from 50 – 300 L/m2. Buffer flush experiment was 

performed after constant pressure filtration of protein suspended solutions, with 

flow interruption of 10 min. To minimize effect of remained protein and virus in 

feed tank, PBS solution was filled in different reservoir, connected perpendicularly 

placed inlet of Viresolve®  Pro device. During buffer flush, feed solution inlet was 

closed to make sure no flow distribution of buffer in feed solution tank. For low 

flux experiments, filtration was operated as constant flow rate mode by using a 

peristaltic pump (Gilson). The pump speed was adjusted to maintain 10 LMH. The 

virus filtration was performed for 6 h, approximately 60 L/m2 of total filtration. 

The phage titer and protein concentration were varied in range of 104 – 109 

PFU/mL and 10 – 20 g/L for phage titer and protein concentration, respectively. 

The filtrate flux was measured by weight change of filtrate volume as filtration 

time, expressed as LMH. Figure 4-1 and Figure 4-2 show the experimental 

scheme of buffer flush and low filtration flux experiments. 
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Figure 4-1. Process scheme of post-buffer flush after virus filtration. Once feed 

solution was filtered, the feed solution valve was closed with 10 min of process 

pause (pressure-release). After process pause, pure PBS solution was filtered. 
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Figure 4-2. Process scheme of low flux filtration experiments. 
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4.2.3. Analysis 

Phage titer was evaluated by plaque forming assay using double-layer agar 

plate counting. Feed and filtrate samples were mixed with 200 μL of host cell and 

mixed into 47℃ media containing 0.5% agar solution. The mixture was poured 

directly into the pre-warmed solidified bottom agar. The clear dots appeared after 6 

– 8 h incubation at 37℃. For high titer solutions, serial 10-fold dilution was 

performed to maintain no more than 103 PFU/mL. The virus removal performance 

was expressed either phage concentration in filtrate solution or log-reduction value 

(LRV) of virus titer, expressed as following equation (4-1). 

   (4-1) 

where Cfiltrate and Cfeed are phage titer in filtrate and feed, respectively. Protein 

concentration was measured by UV-vis absorbance at 280 nm.  
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4.3. Results and discussion 

4.3.1. Virus breakthrough under high phage titer 

Figure 4-3 shows the LRV as function of volumetric throughput and phage 

titer in filtrate as function of virus challenged on membrane, under phage titer 

conditions of 107, 108, and 109 PFU/mL. To examine virus breakthrough 

phenomena under various operating and feed solution conditions, Viresolve®  Pro 

membrane was chosen as a model membrane since the membrane is known to 

provide robust virus removal performance (up to 6-log10 reduction for various 

small viruses and surrogates); however, the study regarding virus removal 

performance was limited. Regardless of high viral loading conditions, LRV over 6 

was maintained up to 200 - 300 L/m2, confirmed robust virus removal performance 

of Viresolve®  Pro membrane as double-layered composition. Under 107 PFU/mL of 

PP7 in 10 mM PBS filtration, no phage detection was observed in filtrate up to 300 

L/m2, equivalent to 3.0 x 1012 PFU/m2 of phage challenged on membrane. Under 

108 and 109 PFU/mL PP7 titer conditions, however, the visible phage was observed 

in filtrate samples. In case of 108 PFU/mL filtration, phage started escape through 

the double layers of Viresolve®  Pro membrane at virus loading equivalent to 2 x 

1013 PFU/mL. 109 PFU/mL filtration showed phage detection of initial 3 L/m2 

samples.  
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Figure 4-3. LRV as function of volumetric throughput of PP7 bacteriophage under 

107, 108, and 109 PFU/mL phage titer. 
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Figure 4-4 represents the filtrate flux and phage passage profiles comparison 

of PP7 and MS2 bacteriophage, as function of phage challenged on membrane. 

MS2 bacteriophage was known to the worst-case scenario virus surrogate for small 

virus, due to smaller size and low isoelectric point (Langlet et al., 2009). The 

results showed not only phage breakthrough, but also noticeable flux declines were 

observed under 108 and 109 PFU/mL filtrations, where 107 PFU/mL filtration 

showed negligible flux decay up to 3 x 1012 PFU/m2. The flux decline by virus only 

solution indicated virus particles not only constricted in virus retentive regions, but 

also redirected to membrane flow path by over challenged phage. The non-

constricted virus particles became mobilized in membrane, caused undesired 

breakthrough once virus diffused through relatively larger pores (Bolton et al., 

2005; Yamamoto et al., 2014). However, the nonlinear relationship between phage 

breakthrough as function of filtrate flux decline (or volumetric throughput) 

indicated the undesired virus breakthrough was possibly due to the uneven 

distribution of virus particles to virus retentive region by over challenged phage 

titer. Viresolve®  Pro membrane had structural properties of asymmetric and 

interconnected structure (Brickey et al., 2021), with broad retention distribution of 

20 nm fluorescently labeled nanoparticles and model virus surrogates (Dishari, 

Venkiteshwaran, et al., 2015; Fallahianbijan et al., 2017). In case of MS2 

bacteriophage, less prone to flux decline, but more phage breakthrough under 109 

PFU/mL filtration. Regardless of the phage type, both virus surrogates showed 

robust removal performance up to 1012 PFU/m2. It seemed that phage challenge per 

unit membrane area over 1012 PFU/m2 was responsible for undesired virus 

breakthrough. For 109 PFU/mL filtrations, the fouling mechanism was close to the 

cake filtration behavior (Figure 4-5) for both PP7 and MS2 bacteriophage 
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filtrations. In case of high phage challenge per unit membrane area, rapid flux 

decline from initial stage of filtration acted as constriction of not only virus 

retentive region, but also increased membrane resistance by cake layer formation, 

caused severe flow path blocking, as well as mitigating virus breakthrough by cake 

resistance. 
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Figure 4-4. Phage breakthrough and filtrate flux profile of bacteriophage PP7 (a 

and c) and MS2 (b and d). 
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Figure 4-5. Membrane fouling model prediction of 109 PFU/mL phage filtration 

(a) PP7 and (b) MS2 
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4.3.2. Phage breakthrough by high protein concentration 
 

Figure 4-6 shows the PP7 phage breakthrough profile as function of 

volumetric throughput, under 109 PFU/mL PP7 titer with protein concentrations of 

10 and 20 g/L. 109 PFU/mL of PP7 phage was chosen as phage titer due to definite 

phage breakthrough was observed under phage only filtration. The co-mixed 

condition of high phage titer with 10 and 20 g/L of BSA caused rapid flux decline, 

over 90% flux decline in volumetric throughput of 50 – 60 L/m2 (data not shown). 

Up to 60 L/m2, 109 PFU/mL PP7 only condition showed average phage 

breakthrough of 18 ± 14.5 PFU/mL; in presence of protein, the phage breakthrough 

under 10 g/L and 20 g/L were 415 PFU/mL and 1125 PFU/mL at 60 L/m2 and 57 

L/m2, respectively. The phage titer in filtrate samples showed relatively linear 

correlation with BSA mass throughput (Figure 4-7), indicated simultaneous BSA 

transmission with phage retention caused loss of phage retention selectivity. Under 

10 g/L and 20 g/L, the critical volumetric throughput where LRV <4 was expected 

as 135 and 91 L/m2, respectively. To reach the critical volumetric throughput, 

expected viral challenge on membrane equivalents over 1014 PFU/m2, which rarely 

occur under real virus filtration process. The main results suggest that potential risk 

of undesired virus breakthrough under high virus titer with virus retention 

interruption of protein could threaten the overall viral safety of biopharmaceutical 

manufacturing. Thus, defining maximum capacity of virus challenge on membrane 

could be attributed to safe and efficient process operation for virus filtration. 
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Figure 4-6. Phage titer in the filtrate samples as a function of volumetric 

throughput. Feed solution of ~ 109 PFU/mL of PP7 with 10 and 20 g/L of BSA in 

10 mM PBS solution was used. 
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Figure 4-7. (a) LRV as function of volumetric throughput and (phage breakthrough 

profile as function of BSA mass throughput. 
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4.3.3. Phage breakthrough under flow interruption 

Figure 4-8 shows the total phage detection and protein recovery from post 

buffer flush of 50 L/m2. The main reason of post buffer flush is for recovery of 

protein loss during virus filtration (LaCasse et al., 2016). In this study, three 

different phage titers of 104, 107, and 108 PFU/mL were challenged in prior to post 

buffer flush with 20 g/L BSA co-mixed solution condition, total phage challenge of 

3.0 x 109, 3.9 x 1012 and 2.8 x 1013 PFU/m2. The results clearly showed that 

increased total phage detection during post buffer flush as phage challenged in 

membrane increased, while no visible phage detection occurred under 104 PFU/mL 

filtration. Note that the phage detections were mostly occurred in the initial 3 mL of 

the permeate sample, equivalent to ~10 L/m2 of buffer flush, then the phage titer 

was rapidly decreased through rest of buffer flush. Similar trend was observed 

recently (Afzal & Zydney, 2022), by using single layer of homogeneous PegasusTM 

SV4 membrane. The most phage detection of initial stage of buffer flush proved the 

mobilization of phage via flow interruption, caused migration through membrane, 

then phage re-constriction via convective buffer flush force. The BSA via pure 

buffer flush was also detected, from remained filtrate sample near device exit and 

unexpectedly deposited protein transmission via buffer flush. The noticeable BSA 

detection occurred up to ~10 L/m2 of buffer flush sample, where significant titer of 

phage detected. The results indicated that post buffer flush can recover the possible 

product loss from virus filtration, but the undesired virus breakthrough could occur 

at the same time.  
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Figure 4-8. Total phage passage (red) and protein recovery (blue) during post 

buffer flush of 104, 107, and 108 PFU/mL filtration with 20 g/L BSA in 10 mM PBS 

solution. For post buffer flush, pure PBS solution was used up to 50 L/m2.  
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4.3.4. Virus breakthrough behaviors under low filtrate flux 

In this section, low flux filtration was investigated to reveal effect of increase 

diffusive force on phage breakthrough. Figure 4-9 presented the phage 

breakthrough profile under 10 LMH filtration for up to 50 L/m2 filtration under 

phage titer of 104 and 107 PFU/mL. The diffusion dominated by Brownian motion 

can be determined by using the Peclet number as expressed following equation: 

   (4-2) 

where Pe is the peclet number, u is the solution flow velocity, d is the virus particle 

diameter and D is the diffusion coefficient of virus particle. Assumed d of 25 - 28 

nm (Tars et al., 2000) and the effective diffusion coefficient is estimated as two 

orders of magnitude lower than free diffusion coefficient, by using following 

Stokes-Einstein equation (Fan et al., 2021; Yamamoto et al., 2014). 

   (4-3) 

where kB is the Boltzmann constant, T is the absolute temperature of feed solution, 

η is the dynamic viscosity of feed solution. Based on the previously stated 

assumptions, Pe = 1 was determined when critical flow velocity range of 21 - 25 

LMH by calculated diffusion coefficient for PP7 bacteriophage was 1.45 – 1.74 x 

10-13 m2/sec. Therefore, the constant flux of 10 LMH was assumed to be virus 

diffusive force dominant flow condition. As seen in Figure 4-9, the phage 

breakthrough observed in 10 L/m2 and the LRV decreased as function of 

volumetric throughput. The phage breakthrough behavior was completely differed 

to the connective force dominant flow condition, no phage detected in filtrate up to 

300 L/m2 under the same feed solution condition. However, the 10 LMH filtration 

of 107 PFU/mL PP7 phage with 20 g/L BSA showed similar LRV profile as phage 
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only condition, indicated the effect of protein presence was not significant as 

convective force dominant condition by low filtrate flux. Note that under 104 

PFU/mL filtration with low filtrate flux showed no phage detected in conditions of 

phage only and phage with 20 g/L BSA, demonstrated safe virus removal 

performance up to 6 h operation.  

To clearly investigate the effect of virus diffusion on virus breakthrough, 

filtrate flux was switched from convective flow to diffusive flow, for every 50 

L/m2 for 3 cycles (total throughput of 300 L/m2)., as seen in Figure 4-10. Since the 

low filtrate flux operation was performed under constant flow rate mode, the 

different flow distribution on membrane possibly caused virus breakthrough, not 

by the low filtrate flux itself. The effect of different shear stress on protein 

transmission is reported (Billups et al., 2021); however the effect of shear stress on 

virus retention behavior was not fully understood. Therefore, the flux switching 

test was performed under constant pressure operation, with pressure switching was 

occurred by minimize effect of flow interruption (flow pause less than 1 min). As 

results, the noticeable LRV change only occurred at low flux of 10 LMH (applied 

pressure of 0.03 bar). The phage titer in filtrate samples increased by each cycle, 

indicated that the phage challenged in membrane was responsible for phage 

breakthrough increase. Based on the results, it is concluded that virus breakthrough 

under low filtrate flux was mostly by diffusive flow itself, with higher phage 

challenged caused more severe breakthrough.  
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Figure 4-9. LRV as function of volumetric throughput under low flux filtration, 10 

LMH, 104 and 107 PFU/mL of PP7 only and the same phage titers with 20 g/L BSA 

in 10 mM PBS solution. 
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Figure 4-10. LRV as function of volumetric throughput of flux switching 

test with 107 PFU/mL PP7 in 10 mM PBS solution. 
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4.4. Summary 

In this study, the virus breakthrough phenomenon under various operating 

conditions were investigated by using highly asymmetric virus filtration membrane 

with using bacteriophage PP7 as virus surrogate. Under conventional filtration 

condition, phage challenged in membrane over 1013 PFU/m2 showed significant 

phage passage through membrane. The high titer of PP7 and over 10 g/L BSA co-

mixed solution conditions caused increased phage breakthrough over 10-folds 

higher titer of phage detected in filtrate sample. The flow interruption of 10 min 

caused undesired migration of virus by increased the Brownian motion, mostly 

passed the membrane in the initial stage of re-pressurization. Similarly, low flux of 

10 LMH constant flow rate operation caused severe virus breakthrough with phage 

challenge of only 1011 PFU/m2, indicated the potential risk of viral safety in 

continuous downstream process, where low filtrate flux virus filtration is necessary. 
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5. Conclusion 

In this dissertation, the two major limitations of virus filtration in 

biopharmaceutical downstream process, protein fouling and virus breakthrough 

phenomena in practical aspects. 

First, the effect of protein fouling and its relationship with virus breakthrough 

were investigated by using seven different commercial virus filtration membranes. 

The varied membrane performances of each virus filtration membrane were 

correlated with structural and surface properties such as membrane symmetricity, 

pore size gradients, nominal pore size and oxygen content on membrane surface. 

Higher membrane permeability was shown as membrane structure was highly 

asymmetric, related to the higher degree of protein fouling propensity than 

relatively symmetric membranes. Among asymmetric structure membranes, pore 

size gradients difference of 16 nm/μm caused drastic flux decline compared to pore 

size gradients of 8 nm/μm membranes. Not only structural properties, but also 

higher oxygen content on membrane surface showed lower protein fouling 

propensity. In terms of virus breakthrough, nominal pore size over 23.4 nm with 

broad pore size distribution showed significant model virus breakthrough, although 

the virus removal performance was particle and nominal pore size sensitive.  

Second part of the dissertation was focused on defining virus breakthrough 

conditions under various operational conditions, such as high viral loading, sudden 

flow interruptions and low filtrate flux operations. The virus filtration membrane 

used in this study successfully retained over 106 PFU/mL of model virus surrogate 

up to 300 L/m2 of volumetric throughput, proved the robust virus removal 

performance. However, virus challenged over 1013 PFU/m2 caused unexpected 
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virus breakthrough, and the presence of protein increased phage passage over one 

order of magnitude. Under sudden flow interruption or diffusive force dominant 

flow conditions, virus breakthrough behavior was diffed from conventional virus 

filtration process, where significant breakthrough observed with lower virus 

loading of 1011 PFU/m2, but the presence of protein showed minimal impact on 

virus breakthrough.  

The main results of this dissertation give insights to both virus filtration 

membrane developers and membrane users in downstream process by revealing 

important structural and surface properties to mitigate protein fouling effect, as 

well as defining different virus breakthrough points under various feed solution and 

operating conditions. 
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국문 초록 

 

동ㆍ식물의 세포주에서 원료를 추출, 정제하여 생산하는 바이오의약품 

(biopharmaceutical) 제조 산업은 백신, 재조합단백질 및 항체의약품의 수요증가

에 따라 전 세계적으로 가파르게 성장하고 있는 산업이다. 바이오의약품 중 동물세

포주를 원료로 하는 항체의약품은 제조/정제 과정 중 세포의 바이러스 감염 위험이 

있으며, 이는 제품의 안전성 문제를 초래한다. 따라서, 모든 동물세포주를 원료로 

하는 항체의약품은 제품의 시판 전 바이러스 안전성 평가를 진행하며, 이는 원재료, 

정제공정, 그리고 제품화 순서에 안전성 및 바이러스 제거능력을 검증해야 한다. 

 대표적인 바이러스 제거 공정으로 고분자 분리막을 사용한 바이러스 필터 공

정이 각광받고 있다. 바이러스 필터 공정은 고분자 분리막을 이용하여 size-

exclusion메커니즘으로 바이러스를 막 내에서 효과적으로 제거하고 항체의약품은 

투과된다. 현재 단일 바이러스 필터 공정으로 약 4-log10
 이상의 바이러스를 제거

할 수 있으며 이 때의 제품 투과율은 95% 이상으로 알려져 있다. 현재 바이러스 필

터 공정은 단백질 막 오염 현상 (protein fouling)과 바이러스 투과 현상 (virus 

breakthrough)으로 공정의 한계성을 보여주고 있다. 단백질 막 오염은 바이러스 

대신 항체 의약품이 고분자 막 내에 제거가 되어 필터의 성능을 저하시키고, 생산 

효율을 감소시킨다. 또한, 바이러스 필터 공정에서 예기치 못한 바이러스의 투과 

현상은 제품 안정성에 치명적인 문제를 야기한다. 이러한 공정적 한계점은 최근 

downstream 공정의 개발방향인 고농도 의약품 정제 및 연속식 공정에서 더 심각

하게 일어나는 것으로 보고되고 있다. 

따라서, 본 연구의 목적은 바이러스 필터 공정의 두 한계점에 대한 원인을 파

악하고, 이를 개선하는 방안을 바이러스 필터의 제막 디자인 방안과 안정적인 공정 

운영점을 설정하여 제시하고자 하였다. 먼저, 7종의 상용 바이러스 필터의 구조적, 
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표면적 특성을 분석하고 성능과의 연관성을 확인하였다. 비대칭성 구조를 지닌 막

들 중에서, 막 표면의 탄소 대비 산소의 함량 (O/C ratio)이 높을수록, 막 상층부의 

기공 크기가 크고 하층부의 기공 크기 증감율 (pore size gradient)이 4 – 8 nm/

μm 일 때 1 g/L의 소 혈청 알부민의 protein fouling 영향을 66.3% 감소시키는 

것으로 나타났다. 또한, 바이러스 제거층의 기공 크기 분포에서 25 nm의 기공이 

발견되는 필터에서 예기치 못한 바이러스 투과 현상이 일어나는 것을 확인하여, 고

성능 바이러스 필터 제막의 세 가지 중요 인자를 표면 O/C ratio, 막 상층부의의 큰 

기공 분포 및 바이러스 제거층의 25nm 미만의 기공크기 분포 및 낮은 기공 크기 

증감율로 정의하였다.  

두번째로, 고농도 단백질 조건 및 연속성 공정에서의 바이러스 투과 현상을 연

구하였다. 그 결과, 상용 바이러스 필터의 바이러스 제거 capacity 가 단위 면적당 

약 1012 PFU 인 것으로 나타났다. 바이러스가 막의 단위면적당 1012 PFU 이상 축

적될 시에 바이러스 투과 및 바이러스에 의한 유속 감소 현상이 일어나는 것을 확

인하였으며, 20 g/L의 단백질에 의해 바이러스 투과 량이 10배 이상 증가하였다. 

또한, 연속 공정운영의 낮은 유속 (10 LMH)의 조건에서 바이러스 확산의 증가로 

바이러스 투과현상이 1011 PFU/m2의 미만의 축적에도 일어났으며, 이는 유속을 

다시 높일 경우 제거능의 회복을 확인하였다. 본 연구의 결과를 바탕으로 바이러스 

투과 현상이 일어나지 않는 단위면적당 바이러스 축적 량을 1010 PFU/m2로 정의

하였으며, 고농도 조건 및 연속 공정에서도 안전한 공정 운영의 가능성을 보여주었

다.  

본 연구의 결과를 바탕으로, 실제 바이러스 필터 공정에서 일어나는 단백질 막 

오염 및 바이러스 제거 능력의 변화 예측이 가능할 것으로 보이며, 이에 맞는 공정

별 최적화된 바이러스 필터 선정에 기여할 것으로 기대한다. 또한, 제품 안전성을 

보증하는 바이러스 필터 공정의 운영의 가이드라인을 제시하여 바이러스 필터 사
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용주기 및 제품 안정성을 보장하는 처리수량 혹은 단위면적 설정예측을 효과적으

로 할 것으로 보인다. 마지막으로, 차세대 바이러스 분리막을 개발하는 연구계에 

바이러스 분리막의 성능을 결정짓는 주유 인자들을 규명함으로써 단백질 막 오염

의 영향을 줄이고 높은 바이러스 제거능을 보유하는 차세대 막 개발에 기여할 것으

로 예상한다. 

 

주요어: 바이오의약품; 다운스트림 공정; 바이러스 필터; 단백질 막오염; 바이러스 

투과  

학번: 2014-30293 


	Abstract
	1. Introduction
	1.1. Research Background
	1.2. Objectives of Research

	2. Literature Review
	2.1. Virus clearance methods
	2.2. Virus filtration process and membrane
	2.2.1. Operating conditions
	2.2.2. Virus filtration membrane properties
	2.2.3. Membrane pore size characterization

	2.3. Affecting Factors of Virus Filtration Performance
	2.3.1. Membrane properties
	2.3.2. Chemical interactions
	2.3.3. Operating pressure

	2.4. Current limitations of virus filtration process
	2.4.1. Membrane fouling
	2.4.2. Virus breakthrough
	2.4.3. Virus filtration process for continuous process


	3. Evaluation of virus filtration membrane properties and its relationship with filtration performances
	3.1. Introduction
	3.2. Materials and Method
	3.2.1. Materials
	3.2.2. Virus filtration process
	3.2.3. Analysis
	3.2.4. Confocal laser scanning microscopy (CLSM) analysis

	3.3. Results and Discussion
	3.3.1. Membrane characterization
	3.3.2. Effect of protein fouling and its affecting factors
	3.3.3. Fouling mechanism difference by membranes
	3.3.4. Virus breakthrough behavior comparison
	3.3.5. Effect of protein concentration on filtration performance

	3.4. Summary

	4. Virus breakthrough behaviors under various feed solution compositions and operating conditions
	4.1. Introduction
	4.2. Materials and methods
	4.2.1. Materials
	4.2.2. Virus filtration process
	4.2.3. Analysis

	4.3. Results and discussion
	4.3.1. Virus breakthrough under high phage titer
	4.3.2. Phage breakthrough by high protein concentration
	4.3.3. Phage breakthrough under flow interruption
	4.3.4. Virus breakthrough behaviors under low filtrate flux

	4.4. Summary

	5. Conclusion
	6. References
	국문 초록


<startpage>17
Abstract I
1. Introduction 1
 1.1. Research Background 1
 1.2. Objectives of Research 4
2. Literature Review 6
 2.1. Virus clearance methods 6
 2.2. Virus filtration process and membrane 8
  2.2.1. Operating conditions 8
  2.2.2. Virus filtration membrane properties 11
  2.2.3. Membrane pore size characterization 16
 2.3. Affecting Factors of Virus Filtration Performance 18
  2.3.1. Membrane properties 18
  2.3.2. Chemical interactions 26
  2.3.3. Operating pressure 29
 2.4. Current limitations of virus filtration process 30
  2.4.1. Membrane fouling 30
  2.4.2. Virus breakthrough 35
  2.4.3. Virus filtration process for continuous process 39
3. Evaluation of virus filtration membrane properties and its relationship with filtration performances 40
 3.1. Introduction 40
 3.2. Materials and Method 43
  3.2.1. Materials 43
  3.2.2. Virus filtration process 45
  3.2.3. Analysis 47
  3.2.4. Confocal laser scanning microscopy (CLSM) analysis 50
 3.3. Results and Discussion 51
  3.3.1. Membrane characterization 51
  3.3.2. Effect of protein fouling and its affecting factors 59
  3.3.3. Fouling mechanism difference by membranes 69
  3.3.4. Virus breakthrough behavior comparison 74
  3.3.5. Effect of protein concentration on filtration performance 79
 3.4. Summary 84
4. Virus breakthrough behaviors under various feed solution compositions and operating conditions 85
 4.1. Introduction 85
 4.2. Materials and methods 88
  4.2.1. Materials 88
  4.2.2. Virus filtration process 89
  4.2.3. Analysis 92
 4.3. Results and discussion 93
  4.3.1. Virus breakthrough under high phage titer 93
  4.3.2. Phage breakthrough by high protein concentration 99
  4.3.3. Phage breakthrough under flow interruption 102
  4.3.4. Virus breakthrough behaviors under low filtrate flux 104
 4.4. Summary 108
5. Conclusion 109
6. References 111
국문 초록 123
</body>

