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Abstract In 1989, Asahi Kasei commercialized a

porous hollow fiber membrane filter (PlanovaTM)

made of cuprammonium regenerated cellulose, mak-

ing it possible for the first time in the world to ‘‘remove

viruses from protein solutions by membrane filtra-

tion’’. Planova has demonstrated its usefulness in

separating proteins and viruses. Filters that remove

viruses from protein solutions, i.e., virus removal

filters (VFs), have become one of the critical modern

technologies to assure viral safety of biological

products. It has also become an indispensable tech-

nology for the future. The performance characteristics

of VFs can be summarized in two points: 1) the virus

removal performance increases as the virus diameter

increases, and 2) the recovery rate of proteins with

molecular weights greater than 10,000 exceeds the

practical level. This paper outlines the emergence of

VF and its essential roles in the purification process of

biological products, requirements for VF, phase

separation studies for cuprammonium cellulose solu-

tion, comparison between Planova and other regener-

ated cellulose flat membranes made from other

cellulose solutions, and the development of Planova.

The superior properties of Planova can be attributed to

its highly interconnected three-dimensional network

structure. Furthermore, future trends in the VF field,

the subject of this review, are discussed.
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Introduction

Commercial regenerated cellulose fibers are well-

known as Viscose rayon, Cuprammonium rayon, and

Lyocell fiber. Cuprammonium rayon is produced from

cuprammonium cellulose solution. The cuprammo-

nium rayon, famous for ‘‘Bemberg�’’, is manufac-

tured by Asahi Kasei Corporation, which is now the

only company to produce it worldwide. Asahi Kasei

introduced this Bemberg technology from J.P. Bem-

berg of Germany and began manufacturing it in 1931

(Ittou 2007). Hank spinning, continuous spinning, and

Net Process (NP)-type spinning methods were devel-

oped for Bemberg (Tsurumi 1991). In addition, Asahi

Kasei launched a commercial hollow fiber membrane

filter for hemodialysis made of cuprammonium regen-

erated cellulose in 1975. It was derived with regen-

erated cellulose used for Bemberg, which is a fiber that

makes the textile that eventually becomes clothing.

In 1981, Manabe and Iwata et al. discovered that

liquid–liquid phase separation in cuprammonium

cellulose solution was caused using ketones as
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nonsolvent, and based on this discovery, porous

regenerated cellulose membranes with the mean pore

diameter ranging from 10 to 100 nm were made as flat

sheet membranes (Manabe et al. 1981). By combining

this liquid–liquid phase separation technology in

cuprammonium cellulose solution with cellulose hol-

low fiber membrane manufacturing technique culti-

vated in artificial kidneys, Asahi Kasei

commercialized porous hollow fiber membrane filter

(Planova) made of cuprammonium regenerated cellu-

lose, which enabled ‘‘virus removal from protein

solution by membrane filtration’’ for the first time in

the world in 1989. Filters that remove viruses from

protein solutions, i.e., virus removal filters (VFs), have

become one of the critical modern technologies to

assure a robust viral safety of biological products. It

has also become an indispensable technology for the

future. Since its practical use in the early 1990s, it has

been widely used worldwide as one of the powerful

means of virus removal/inactivation in the purification

process of plasma-derived medicinal products and

biopharmaceuticals (Junter and Lebrun 2017; Inouye

and Burnouf 2020; Roth et al. 2020). Planova estab-

lished its position as a robust and efficient virus

removal filter in the VF market, especially in the

purification processes of plasma fractionation prod-

ucts. However, due to the large volume of solution to

be filtered in the purification process of biopharma-

ceuticals, VFs made of synthetic polymer membranes,

which can provide high filtration pressure, are often

used. This reputation is because Planova has a

weakness in that its upper limit of filtration pressure

is lower than that of VFs made of synthetic polymeric

membranes.

In biopharmaceutical purification processes, the

application of integrated continuous processing has

become a significant trend making it optimal for

manufacturing in terms of process and cost consider-

ations (Pollock et al. 2017; Zhang et al. 2017; Fisher

et al. 2019). These movements will result in higher

concentrations of product intermediates and longer

operating times of each unit operation.

This paper begins with the viral safety of biological

products and the requirements for VF to introduce the

emergence of VF and its essential roles in the

purification process of biological products. The com-

parison between Planova and other regenerated cellu-

lose flat membranes made from other cellulose

solutions is described following the phase separation

studies for cuprammonium cellulose solution. Further,

it runs into the development of Planova. Finally, future

trends in the VF field, the subject of this review, are

discussed.

Viral safety of biological products

The representative viruses are listed in Table 1.

Viruses vary physical structure (e.g., size, lipid

envelope presence), genome structure (RNA/DNA),

and resistance to physical/chemical treatment (char-

acteristics of virus family).

VFs are used in the purification process of plasma-

derived medicinal products and biopharmaceuticals to

contribute viral safety to these products. Plasma-

derived medicinal products are immunoglobulins

(IgG), coagulation factors such as Factor VIII, Factor

IX, prothrombin complex, and inhibitors purified

using plasma as a raw material. These products have

the risk of potential viral contamination because they

are derived from human blood. On the other hand,

biopharmaceuticals are produced from cell lines of

human or animal origin cell lines utilizing genetic

recombination technology or cell fusion technology.

These products include monoclonal antibodies,

recombinant proteins, vaccines, etc. Biopharmaceuti-

cals are expressed in cell lines such as CHO cells.

There may be endogenous retroviruses and non-

infectious retrovirus-like particles in these cells. In

addition, methods should address the risk of contam-

ination with adventitious viruses that may introduce in

the culture process or subsequent purification process.

Virus removal filters are used in biopharmaceutical

processes to remove both endogenous and exogenous

viruses.

Virus clearance methods for plasma-derived

medicinal products and biopharmaceuticals have been

taken globally since the early 1990s around the time of

some infection accidents caused by plasma-derived

medicinal products. In the document entitled Guide-

line on plasma-derived medicinal products (1996),

European Medicines Agency/CHMP Guidelines

(CPMP/BWP/269/95: Note for guidance on plasma-

derived medicinal products) as a guideline for viral

safety of plasma-derived medicinal products, required

incorporating multiple orthogonal methods for virus

clearance with independent mechanisms and process

validation of virus clearance. World Health Organi-

zation (WHO) guideline (2004) for viral safety of
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blood plasma products was also issued. On the other

hand, for biotechnology products, ICH(International

Conference on Harmonization) Q5A (1997) issued

‘‘Viral safety evaluation of biotechnology products

derived from cell lines of human or animal origin ’’,

following the ICH guidelines, it led to the establish-

ment of guidelines of FDA/CBER (1997), European

Medicines Agency/CHMP/BWP P (2008) and Min-

istry of Health and Welfare (2000) regulatory. The

approach to ensuring viral safety presented in these

guidelines is mainly composed of the following:

a) screening cell lines and other raw materials for

absence of viruses

b) assessing the ability of virus removal/inactiva-

tion in manufacturing steps

c) testing the product at appropriate stages of

production for absence of viruses

The virus removal filter plays a role in b) described

above.

Currently, virus removal and inactivation methods

introduced in the manufacturing process of biological

products include the following: as virus inactivation

methods, there are 1) heat treatment, 2) low pH

incubation, 3) chemical treatment such as S/D (Sol-

vent-Detergent), 4) irradiation treatment, etc., and as

virus removal methods, there are 5) membrane

filtration (virus removal filtration), 6) chromatogra-

phy, and 7) precipitation. In the manufacturing

process, multiple orthogonal methods for virus clear-

ance with independent mechanisms are used in

combination (CPMP/BWP/269/95; Aranha

2001a, b). Virus removal filtration is de facto standard

as a common unit operation and illustrated as a robust

and safe virus removal technology for biological

products, due to the size exclusion mechanism. A

solvent-detergent inactivation method is effective

against only enveloped viruses. For the heat treatment

inactivation method, it is known that heat-resistant

viruses exist within a population of viruses. The VF

method is effective against all larger viruses than the

membrane’s pore size without recourse to the family

and genome of viruses. Also, the VF method does not

lead to denaturing effects of proteins, and the perfor-

mance of VF has less influenced by process conditions

(Aranha 2001a, b). The stream for viral safety of

biological products is summarized in Table 2.

Requirements for VF

Based on the principles of size exclusion, VF needs to

remove viruses in the membranes and permeate

proteins through the membranes. VFs must overcome

the technical difficulty of separating particles that do

not differ significantly in sizes, such as 20–100 nm for

viruses and several nm to a dozen nm for proteins.

The performance required for VF is as follows.

1) Virus removal performance: rejection rate of

99.99% or higher (LRV of 4 or higher).

2) Protein recovery rare: 90% or more.

3) Slight decrease in these performances during

filtration.

Table 1 Representative

viruses
Virus Family Genome Envelope Size (nm)

Parvovirus B19, Porcine parvovirus

(PPV)

Parvoviridae DNA No 18–24

Hepatitis A Virus (HAV) Picornaviridae RNA No 25–30

Polio virus Picornaviridae RNA No ca.30

Hepatitis B Virus (HBV) Hepadnaviridae DNA Yes 42

Simian virus 40 (SV40) Polyomaviridae DNA No ca.45

Bovine viral diarrhea virus (BVDV) Togaviridae RNA Yes 40–60

Reovirus 3 Reoviridae RNA No ca.75

Epstein-Barr virus (EBV) Herpesviridae DNA Yes 80–100

Murine leukemia virus (MuLV) Retroviridae RNA Yes ca. 90

Human immunodeficiency virus (HIV) Retroviridae RNA Yes ca.100

Human coronavirus Coronaviridae RNA Yes 80 * 220

Ebola virus Filoviridae RNA Yes 80 9 800
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Virus removal performance is expressed in log

removal rate, i.e., LRV (Logarithmic Reduction

Value). When the concentrations of the viruses before

and after the filtration are N0 and Nf, respectively,

LRV = log10(N0/Nf) is expressed. The permeation

performance of the proteins is evaluated by the

permeability(L/hr) and recovery rate (%) of the

proteins, the integrated permeation volume(L/m2/hr)

and the integrated permeation weight (kg/m2/hr) of the

proteins, etc. Ultimately, it is reflected in the mem-

brane area required for filtration, i.e., the filter cost.

Phase separation studies for the cuprammonium

cellulose solution

The regeneration of the cellulose solution by coagu-

lation with non-solvent is a vital pathway to transform

native cellulose into valuable materials in various

forms, such as fibers, films/membranes, beads/micro-

spheres, hydrogels/aerogels, bioplastics, etc. (Wang

et al. 2016). These regenerated cellulose fibers and

membranes are still manufactured by viscose and

cuprammonium processes.

In 1981, Manabe and Iwata et al. discovered that

liquid–liquid phase separation in cuprammonium

cellulose solution was caused using ketones as non-

solvent. Based on this discovery, porous regenerated

cellulose membranes with the mean pore diameter

ranging from 10 to 100 nm were made as flat sheet

membranes (Manabe et al. 1981). Kamide and Man-

abe noticed the importance of the ‘‘particle growth

concept’’ for membrane formation mechanism in the

non-solvent induced phase separation method. They

observed primary particles, growth from primary

particles to secondary particles, and secondary parti-

cles by electron microscopy during the phase separa-

tion process of a system in which a cuprammonium

cellulose solution was coagulated with acetone,

ammonia, and aqueous solution (Kamide and Manabe

1985). The elementary steps of porous membrane

formation by the phase separation method is shown in

Fig. 1. When the initial polymer concentration of the

polymer solution vp
0 is smaller than the polymer

concentration at a critical solution point vp
c, the

polymer-rich phase forms first as the nuclei and then

separates as primary particles. The primary particles

coalesce into larger secondary particles. Subsequently,

Table 2 Stream for viral safety of biological products

Year Inactivation/

Removal

Method Remark Regulation

1941 Removal Precipitation Cohn method, Partitioning of

proteins, Some virus removal

1970s Removal Ion

Chromatography

Some virus removal

1980s Inactivation Pasteurization Risks of protein denaturation

Inactivation Dry-heat

treatment

Risks of protein denaturation

Inactivation Low pH

incubation

Restricted to immunoglobulins,

Limited inactivation of non-

enveloped vireses

1985 Inactivation Solvent-detergent

(S/D)

Inactivation of only enveloped

viruses

1989 Removal Virus removal
filter (VF)

Robust, No restricted to types of

viruses, Size exclusion, No

protein denaturation

1990s Requirement for incorporating multiple
orthogonal methods 1996 CPMP for Plasma-

derived products, 1997 ICH for biotechnology

products, 1997 FDA for monoclonal antibody,

2001 MHW for biotechnology products
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the secondary particles contact each other to form a gel

membrane, which undergoes regeneration and drying

to become a dry membrane. A highly interconnected

pore structure is formed due to the aggregation of the

nodules, i.e., the secondary particles (Kesting

1985, 1990; Kamide 1990; Kamide et al. 1993; van

de Witte et al. 1996). A membrane formed under vp
0-

\ vp
c has non-circular pores.

Manabe et al. investigated some morphological

characteristics of regenerated porous cellulose flat

membrane and cellulose acetate flat membranes

prepared by phase separation method, (1) to evaluate

the pore structure of the membranes by the electron

micrographic method and (2) to explain the morpho-

logical characteristics of these membranes in light of

the development of the phase separation of the

solution during the casting process (Manabe et al.

1987). They evaluated the transport phenomena of

ions and non-electrolyte molecules through an inter-

facial boundary between the casting solution and the

coagulating solution in the process of forming the

membranes. The regenerated porous cellulose flat

membrane was prepared from cuprammonium cellu-

lose solution by coagulating with the acetone-ammo-

nia-water solution. They noted that when the phase

separation occurs for the cellulose-copper-ammonia-

water–acetone system, copper, ammonia, and acetone

concentrate in the polymer-rich phase, while water

molecules remain in the polymer-lean phase. They

concluded that when the total flux of water and

ammonia from the casting solution to the coagulation

solution is always larger than the total flux of acetone

from the coagulation solution to the casting solution,

the mean pore diameter and porosity decrease with

distance (Z) from the surface.

Kamide et al. confirmed the particle growth of non-

solvent induced phase separation in the cuprammo-

nium cellulose solution/coagulating solution system

by dynamic light scattering measurement. In the

polymer solution/coagulating solution system, i.e.,

cuprammonium cellulose solution/acetone-ammonia-

water solution and cuprammonium cellulose solu-

tion/sodium hydroxide-water solution, the particle

size distribution and the number-average radius of the

growing particles were evaluated (Kamide et al.

1994). They found that liquid–liquid phase separation

occurred in both the cuprammonium cellulose solu-

tion/acetone-ammonia-water solution and the cupram-

monium cellulose solution/sodium hydroxide-water

solution system.

Inamoto et al. explored the morphological forma-

tion of the regenerated cellulose flat membranes made

from cuprammonium cellulose solution using various

aqueous coagulants (H?, Na?, K?, NH4
?, Ca2?,

Mg2? with various counter ions). Those results

indicated that the morphology in the membranes is

Fig. 1 Elementary steps in porous membrane formation by the

phase separation method: vp
0,the initial polymer volume

fraction of the solution when the phase separation occurs; vp
c,

polymer volume fraction at a critical solution point (Kamide et

el. 1994). Copyright 1994 The Society of Polymer Science,

Japan
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mainly categorized into four types depending on pH

and cation species of coagulating solution and con-

trolled by complex forms of the coagulated gel

(Inamoto et al. 1996). The above results indicated

that liquid–liquid phase separation occurs in the

system of cuprammonium cellulose solution/various

aqueous coagulants.

Iijima et al. investigated phenomenological effects

of non-solvent induced phase separation conditions on

pore characteristics of porous regenerated cellulose

membranes, that is, flat membranes made by using

cuprammonium cellulose solutions and aqueous ace-

tone solutions as coagulation solution. For example,

Fig. 2 indicates changes in membrane thickness of the

dry membrane, membrane porosity, pore diameter

measured by the water-flow-rate method, and tensile

strength of the membranes, prepared using coagula-

tion solutions with different acetone concentration.

Figure 2c shows that 2rf decreases inversely linear

relation to WAcetone in regions WAcetone\ 0.35,

whereas 2rf is kept almost constant in regions WAce-

tone[ 0.35. They mentioned that the dramatic change

in the WAcetone dependence of 2rf at WAcetone = 0.35

closely corresponds to the change in pore shape from

noncircular to circular, which consists of the ‘‘particle

growth concept’’. The pore shape depends on the

polymer concentration relative to the critical solution

point for polymer solution/coagulating solutions (Ii-

jima et al. 1997).

Cao et al. studied the preparation and properties of

regenerated microporous cellulose flat membranes

prepared by coagulation of cellulose/NaOH solution

with aqueous H2SO4 solution. The obtained mem-

brane showed an asymmetric porous structure. The

membranes’ average pore diameter (2rf) values mea-

sured by the filtration velocity method ranged from

32.4 to 39.5 nm. The water flux (J) of the membranes

ranged from 7.2 to 9.69 (ml/cm2/h/0.1 MPa) (Cao

et al. 2006). Mao et al. prepared regenerated cellulose

flat membranes from cellulose/NaOH/urea aqueous

solution by coagulating with various coagulants

including H2SO4, HOAc, H2SO4/Na2SO4, Na2SO4,

(NH4)2SO4, H2O, C2H5OH, and (CH3)2CO, respec-

tively, and the effect of coagulants on the porous

structure was investigated. The 2rf values of the

obtained membranes measured by the filtration veloc-

ity method ranged from 25.7 to 56.8 nm. The water

flux (J) of the membranes ranged from 32.76 to 198.5

(ml/m2/h/mmHg), and the rejection rate of bovine

serum albumin (BSA: molecular weight 67,000) to the

membranes was evaluated (Mao et al. 2006).They

suggested that the pure water flux of the membranes

was related mainly to the interior structure of the

membranes (Mao et al. 2006). Liu et al. investigated

the properties of regenerated cellulose flat membranes

prepared from cellulose/LiOH/urea aqueous solution

by coagulating with aqueous H2SO4 solutions. The 2rf
values of the obtained membranes measured by the

filtration velocity method ranged from 21.2 to

52.1 nm. The water flux (J) of the membranes ranged

from 8.4 to 11.2 (ml/m2/h/mmHg) (Liu et al. 2010).

Zhang et al. studied the formation and properties of

regenerated cellulose flat membranes made from

Fig. 2 Effects of weight faction of acetone (wAcetone) of the

coagulation solution on the thickness of dry membrane Ld (a),

porosity Pr(d3) (b), mean radius of pores 2rf(c), and tensile

strength (TS) of the membranes(d) (Iijima et al. 1997).

Copyright 1997 The Society of Polymer Science, Japan

123

2784 Cellulose (2022) 29:2779–2793



cellulose/N-Methylmorpholine-N-oxide (NMMO)

solution by coagulating with water and NMMO/water

solutions. The 2rf values of the obtained membranes

measured by the filtration velocity method ranged

from 10.94 to 41.53 nm. The water flux of the

membranes ranged from 2.5 to 12 (ml/cm2/h/

0.2 MPa). The rejection rate of bovine serum albumin

(BSA: molecular weight = 67,000) to the membranes

was from 10 to 90% (Zhang et al. 2001). These results

indicate that membranes with an average pore size of

10–100 nm can be produced by liquid–liquid phase

separation even when regenerated using cellulose

solutions other than cuprammonium cellulose

solution.

Here, Table 3 compares membrane properties

between Planova 35N hollow fiber membranes made

from cuprammonium cellulose solution (described

below) and the flat membranes described above made

from other cellulose solutions. By comparing mem-

branes with an average pore size of about 35 nm, it can

be said that the water flux (J) of Planova 35N is 3 to 40

times higher than that of membranes prepared from

other cellulose solutions. The albumin recovery rate of

Planova 35N is also much higher than that of other

membranes. The superior properties of Planova 35N

can be attributed to its highly interconnected three-

dimensional network structure, which will be dis-

cussed later. In other words, there are few closed pores

and half-closed pores in Planova.

Development of Planova

Concept

As described above, Manabe and Iwata et al. discov-

ered that liquid–liquid phase separation in cupram-

monium cellulose solution was caused using ketones

as nonsolvent (Manabe et al. 1981). By combining this

liquid–liquid phase separation technology in cupram-

monium cellulose solution with cellulose hollow fiber

membrane manufacturing technique cultivated in

artificial kidneys, Asahi Kasei commercialized porous

hollow fiber membrane filter (Planova) made of

cuprammonium regenerated cellulose, which enabled

‘‘virus removal from protein solution by membrane

filtration’’ for the first time in the world in 1989.

Extreme sharp fractionation performance of the

membranes is required to meet the requirements of

VF. The performance characteristics of VF can be

summarized in two points: 1) the virus removal

performance increases as the virus diameter increases,

and 2) the recovery rate of proteins with molecular

weights greater than 10,000 exceeds the practical level

(Manabe 1992, 2003). A schematic representation of

the relationships between protein permeability (u) and
protein molecular weight (M) and the relationships

between virus LRV (U) and virus size (2v), comparing

VF with RO and UF filters, is shown in Fig. 3. Planova

is the trade name of Asahi Kasei’s filter made of

regenerated cellulose for virus removal, and BMM is

the name of the hollow fiber membrane composed of

Table 3 Comparison of the membrane properties between Planova 35N prepared from cuprammonium cellulose solution and the

membranes prepared from other cellulose solutions

Membrane Polymer Solution Coagulant 2rf (nm) J (mL/m2/hr/mmHg) u(%)

Planova 35N Cellulose/cuprammonium Acetone/NH3/H2O 35 330 100

Cao et al. (2006) Cellulose/NaOH aq H2SO4 aq 35.7 98 NA

Mao et al. (2006) Cellulose/NaOH/urea aq 5% H2SO4/ 5%Na2SO4 aq 34.8 50.3 [ 95

Same as above Same as above H2O 34.4 42.9 [ 95

Same as above Same as above Acetone 25.7 33.8 85.2

Liu et al. (2010) Cellulose/LiOH/urea aq 5% H2SO4 aq 33.5 8.8 NA

Zhang et al. (2001) Cellulose/NMMO aq H2O 31.0 17 18

Same as above Same as above 22.5% NMMO aq 23.2 27 30

2rf: average pore diameter measured by the filtration velocity method (nm)

J: water flux per unit membrane area (mL/m2/h/mmHg)

u: recovery rate of bovine serum albumin (%)
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Planova. In other words, Planova and BMM are

practically the same. In Fig. 3, the virus LRVs of the

RO and UF filters do not increase with increasing virus

diameter, while the virus LRV of the BMM increases

with increasing virus diameter. The virus LRVs of the

RO and UF filters do not increase with virus diameter

because the RO and UF filters have structural defects

that prevent them from removing the viruses. How-

ever, the virus LRV of BMM increases with increasing

virus diameter. It is attributable to less breakage of the

BMM’s pore structure. Since the pore size of RO and

UF filters is smaller than the size of proteins, so the

protein recovery rate, i.e., the permeability of proteins

with molecular weights greater than 10,000 in RO and

UF filters, is almost zero, which is not practical.

However, with BMM15 and BMM35, the recovery

rate (u) of proteins with molecular weights greater

than 10,000 exceeds the practical level, making it

possible to permeate proteins of biological products.

BMM15 and BMM35 are hollow fiber membranes

composing of Planova15N and Planova 35N filters.

Manufacturing method

To make this performance feature for VF, we aimed to

realize a multilayered structural membrane. A multi-

layered structural membrane means a membrane in

which a layer functions as a screen layer and the layers

are multilayered, as indicated in Fig. 4. Furthermore,

the multilayered structure of Planova, as observed

using SEM, is also shown in Fig. 4. Planova has a

multilayered structure, i.e., a three-dimensional net-

work structure consisting of interconnected ‘‘void’’

pores and ‘‘capillary’’ pores that act as a multilayered

structural membrane. The positive image in Fig. 4 is

an ordinary photograph using SEM, and the black

parts in the positive image are pores. On the other

hand, the negative image in Fig. 4 is opposite to an

ordinary photograph. This image results from embed-

ding a cellulose membrane with an epoxy resin, then

dissolving the membrane with cuprammonium solu-

tion and photographing the structure of the remained

epoxy resin by SEM (Tsurumi et al. 1990a, b).

Namely, the white parts in the negative image, the

remaining epoxy resin, are pores. This negative image

explicitly indicates the existence of a three-dimen-

sional network consisting of interconnected ‘‘void’’

pores and ‘‘capillary’’ pores in the membrane. The

three-dimensional network consisting of ‘‘void’’ pores

and ‘‘capillary’’ pores; in other words, bead structure

comes from the adequate growth of polymer-rich

phase after the phase separation. ‘‘U-shaped tubular

spinning method’’ is an invented manufacturing

method to achieve this membrane structure (Ide

et al. 1991). Namely, by forming a membrane

structure with less tension at the coagulating stage,

an excellent membrane structure with less breakage of

the pore structure can be obtained; the U-shaped

tubular spinning method makes the membrane struc-

ture a three-dimensional structure with less breakage

of the pore structure, which achieves high virus

removal and high protein recovery (Tsurumi et al.

1990a, b). Tsurumi et al. investigated the structure of

the membranes using an electron microscope. They

observed three planes, XY, YZ, and ZX (X is the radial

axis, Y is the fiber direction axis, and Z is the

Fig. 3 Schematic representation of relationships between

protein permeability (u) and protein molecular weight

(M) and relationships between virus LRV (U) and virus size

(2v) for BMM15, BMM35, RO and UF (Manabe 2003).

Copyright 2003 The Mass Spectrometry Society of Japan
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peripheral direction axis). Then, to evaluate the

multilayer structure, they examined the change in the

size of the ‘‘capillary’’ pores with the distance of the

thickness of the membrane (X-axis). As a result, it was

found that the size of the ‘‘capillary’’ pores was almost

the same throughout the membrane thickness (Tsu-

rumi et al. 1990a, b). The schematic of the size

exclusion filtration mechanism of Planova is shown in

Fig. 5. As a protein solution is introduced into the

hollow fiber membrane, the proteins permeate through

the membrane to the outside. At the same time, viruses

are captured in the interconnected ‘‘void’’ pores and

‘‘capillary’’ pores of the membrane by multilayer

filtration.

Innovation from VF for large viruses to VF

for small viruses

Planova 35N, with a mean pore size of 35 nm, was

launched as the first commercial VF all over the world

in 1989. Planova 35N were developed specifically for

removing are large viruses (such as HIV,[ 80–120

nm) and medium viruses (such as hepatitis B virus

(HBV), 35 nm). Planova15N, with a mean pore size of

15 nm, was launched in 1992 to target towards small

virus (such as, parvovirus B19, 18–26 nm, HAV).

However, it is difficult to apply Planova 15N to

proteins with relatively large molecules such as IgG

and Factor VIII due to their low recovery rate. This is

because the diameter of the virus to be removed

(approximately 18 nm or more) is too close to the

Positive ImageNegative Image

Void

CapillaryCapillaryVoid

UHRSEM (x50,000)Multi-Layer structure schema�c

Fig. 4 Multi-layer structure schematic and three-dimensional network structure consisting of interconnected ‘‘void’’ pores and

‘‘capillary’’ pores of Planova. (Yokogi and Satoh 1998) Copyright �1998 Jiho Inc. Copyright �2021 Asahi Kasei Medical Co., Ltd

Fig.5 Schematic of size exclusion filtration mechanism. Copyright �2021 Asahi Kasei Medical Co., Ltd
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diameter of the protein to be permeated. Planova 20N

was launched in 2001 to apply large molecule proteins

such as IgG and Factor VIII to overcome this

difficulty. Planova 20N shows a higher porcine

parvovirus (PPV) LRV in the initial and subsequent

filtration stage while passing through IgG, setting the

extruding rate and winding rate to constant values to

manufacture a hollow fiber membrane can change the

membrane structure by adjusting the polymer concen-

tration in the polymer solution, composition of inner

coagulation solution, and composition of outer coag-

ulation solution. As Iijima et al. investigated the

phenomenological effects of non-solvent induced

phase separation conditions on pore characteristics

of porous regenerated cellulose flat sheet membranes

(Iijima et al. 1997), we explored the effects of non-

solvent induced phase separation conditions on pore

characteristics of porous regenerated cellulose hollow

fiber membranes. By decreasing the non-solvent

concentration of both the inner and outer coagulation

solution, we accomplish the Planova 20N (Ide and

Noda 2000). When the non-solvent concentration in

both the inner and outer coagulation solution

decreases, the pore size distribution of the region of

the membrane that substantially contributes to the

virus removal can be narrower, and the thickness of

this region can be increased. The virus LRV of

Planova 20N on various virus size is shown in Fig. 6

(Ide et al. 2002). Furuya et al. indicated that the virus

removal efficiency was noticeably increased in the

plasma-derived Factor VIII manufacturing process by

changing Planova 35N to Planova 20N, without

variation of the biochemical properties or a serious

loss of Factor VIII (Furuya et al. 2006). Jorquera

reported that intravenous immunoglobulin therapy has

been developed through Planova 20N, allowing fur-

ther viral safety (Jorquera 2009).

Characteristics of Planova

The characteristics of Planova are mainly composed of

the following:1) high virus removability, 2) unre-

stricted for the virus to be removed, and 3) high protein

recovery rate. Planova 20N maintained a high virus

clearance of PPV LRV[ 4 for PPV-spiked IgG

solutions (IgG concentration range 1–30 mg/mL),

regardless of viral spike conditions or filtration rate.

Furthermore, there was little decay of the filtration flux

during filtration. By observing the capture area of gold

particles, it has been shown that Planova 20N has a

large capacity for virus capture. Planova 20N is a well-

balanced, robust, small virus-retentive filter (Hongo-

Hirasaki et al. 2006). We investigated the effect of

varying virus-spiking conditions on the filter perfor-

mance (flux, flux decay, PPV LRV) of Planova 20N

and observed captured PPV particles inside the

membrane using TEM. Planova 20N was shown to

be a robust filter unaffected by varying virus-spiking

conditions (Hongo-Hirasaki et al. 2011). We investi-

gated the effect of antibody solution conditions (ionic

strength, pH, IgG concentration, buffer composition,

and aggregate level (dimer content)) on filter perfor-

mance for a virus removal filtration process using

Planova 20N. These results indicated that Planova

20N is applicable for a wide range of solution

conditions (Hongo-Hirasaki et al. 2010). As just

described, we revealed that the filter performance of

Planova 20N was not easily affected by varying virus-

spiking conditions and Planova 20N has a well-

balanced performance and robust feature.

It is known that membrane fouling occurs during

virus filtration. Hamamoto et al. investigated the

mechanisms of decline in virus filter performance due

to membrane fouling using Planova 20N (Hamamoto

et al. 2018). Their analysis showed that the primary

cause of flux decline appeared to be irreversible IgG

adsorption on the surface of the virus filter membrane.

They said that analyses of adsorption and desorption

and conformational changes in IgG molecules on

cellulose surfaces provide an effective approach for

identifying ways of optimizing solution conditions to

maximize IgG throughput of virus removal filter. The

use of these analyses may have a possibility to

improve cellulose-based virus removal filters.
Fig.6 Virus LRV of Planova 20N on various virus size (Ide

et al. 2002). Copyright �2002 Asahi Kasei Medical Co., Ltd
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Pressure release during filtration

It is shown when the pressure is released during

filtration and filtration restart again after some time,

and the virus could leak into filtrate (Woods and

Zydney 2014; LaCasse et al. 2016). This phenomenon

can be explained that, during filtration, the Brownian

motion of the virus is restricted by hydrodynamic

force by the filtration pressure. Still, when the filtration

pressure is released, the Brownian motion of the virus

becomes active and the virus moves by diffusion

(Yamamoto et al. 2014). By this means, it is essential

to evaluate more careful optimization of virus removal

filtration conditions, especially depressurization.

Strauss et al. characterized the impact of pressure on

MVM (Minute virus of mice) LRV, and established

design spaces to ensure effective small virus removal

for Planova 20N (Strauss et al. 2017).

Observation of capturing virus in the membrane

Yamaguchi et al. analyzed the capturing status of

colloidal gold particles and parvovirus B19 in the

BMM hollow fiber (BMM15, BMM20, BMM35)

which constitutes Planova by immunoelectron micro-

scopy. These results showed that BMM20 and

BMM15 could retain microparticles larger than

20 nm, such as colloidal gold particles and parvovirus

B19 inside the membrane (Yamaguchi et al. 2007).

Adan-Kubo et al. reported that they simultaneously

analyze the gross structure of a virus removal filter and

visualize virus entrapment during a filtration process

conducted under actual manufacturing conditions

using Planova 15N and Planova 20N (Adan-Kubo

et al. 2019). Ayano et al. proposed a novel method for

monitoring of dynamic process of virus capture in a

single hollow fiber membrane comprising Planova

20N (Ayano et al. 2021). Various imaging techniques

have been used to observe how viruses are trapped in

the intricate structure of the membrane filter; however,

they are limited to ‘static’ imaging due to the images

after filtration. They have succeeded in detailed

monitoring of the ‘dynamic process’ of virus-like

particles (VLP) capture (Cetlin et al. 2018) in the

membrane during filtration using an ultra-stable opti-

cal microscope. This observation method contributes

to novel insights to create a new virus removal filter

and biopharmaceutical manufacturing.

Removal of emerging viruses

Various emerging viruses as dengue virus, Hepatitis E

virus (HEV), and Zika virus have emerged. Several

virus clearance studies with emerging viruses were

conducted. These results showed that Planova could

remove emerging viruses independent of the charac-

ters of viruses (Blümel et al. 2017; Yue et al. 2019;

Kapsch et al. 2020). As a result, the robust virus

removability of Planova was confirmed. In response to

the current major social problem of SARS-CoV-2

virus, the development of vaccines and therapeutics

using antibodies from plasma and serum obtained

from recovered Covid19 patients is carried out vigor-

ously. Virus removal filters are off course used in order

to support the early provisions of vaccines and

therapeutic agents for Covid19.

Current and future trends in the field of VF

Virus removal filters on the VF market

Currently, virus removal filters are classified into two

categories based on the size of the viruses to be

removed. Large virus retentive filters can remove large

viruses (e.g. retroviruses, 80–120 nm) and medium

viruses (e.g. HBV, 35 nm). Small virus retentive filters

can remove both small viruses (e.g. parvovirus B19,

18–26 nm, HAV, 25–30 nm) and larger than small

viruses. The Planova 35N belongs to the large virus

retentive filters, while the Planova 15N and Planova

20N are small virus retentive filters. (Parenteral Drug

Association (PDA) Technical Report 41 2005). In

addition to plasma fractionated products, VFs have

been widely used in the purification process of

biopharmaceuticals such as monoclonal antibodies

and recombinant proteins since around 2010. Planova

established its position as a robust and efficient virus

removal filter in the VF market, especially in the

purification processes of plasma fractionation prod-

ucts. However, due to the large volume of solution to

be filtered in the purification process of biopharma-

ceuticals, VFs made of synthetic polymer membranes,

which can provide high filtration pressure, are often

used. It is because Planova has a weakness in that its

upper limit of filtration pressure is lower than that of

VFs made of synthetic polymeric membranes. There-

fore, a new Planova with an improved upper limit of
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filtration pressure is required. Despite this situation,

Planova holds a strong position in the VF market. The

reasons are as follows: 1) Planova is composed of

hydrophilic cellulose, which has the advantage of low

protein adsorption; 2) Planova has a three-dimensional

network consisting of interconnected ‘‘void’’ pores

and ‘‘capillary’’ pores, and the thickness of Planova’s

multilayered structure, which provides the advantage

of low flux decay during filtration and high protein

recovery, while also providing high virus

removability.

Currently, commercially available virus removal

filters are listed in Table 4.

VF in integrated continuous processing

In biopharmaceutical purification processes, the appli-

cation of integrated continuous processing has become

a significant trend to improve productivity and cost

effectiveness (Pollock et al. 2017; Zhang et al. 2017;

Fisher et al. 2019). These movements will result in

higher concentrations of product intermediates and

longer operating times of each unit operation. Lute

et al. show that the Planova 20N and Planova BioEX

virus filters are capable of effectively removing

bacteriophage PP7 ([ 4 log) for 10 mg/ml h-IgG for

up to 4 days (Lute et al. 2020). A VF suitable for the

higher concentration of protein solutions and long

filtration time might be needed.

New usage of VF

Recently, there has been strong attention to gene

therapy products, especially those utilizing recombi-

nant adeno-associated viral (rAAV) vectors. The most

commonly found impurities in rAAV stocks include

defective particles (i.e., AAV capsids that do contain

the therapeutic gene or are not infectious), residual

proteins from host cells and helper viruses (aden-

ovirus, herpes simplex virus, or baculoviruses), ille-

gitimate DNA, plasmids, cells, or helper viruses. It is

so important to remove impurities in the purification

process during the manufacturing of rAAV. (Penaud-

Budloo et al. 2018; Adams et al. 2020). In this

purification process, rAVV vectors were removed

from helper viruses using a virus removal filter

(Bogedain et al. 1997; Paulene et al. 2010; Hermens

et al. 2013). New usage of virus removal filter where

the target to be filtered is not proteins but rather

viruses.

Table 4 Virus removal filters on the VF market

Manufacture Filter Category of VF Membrane type Material

Asahi Kasei PlanovaTM 15N Small virus Hollow fiber Regenerated cellulose

PlanovaTM 20N Small virus Hollow fiber Regenerated cellulose

PlanovaTM 35N Large virus Hollow fiber Regenerated cellulose

PlanovaTM BioEX Small virus Hollow fiber PVDF

Merck (MilliporeSigma) Viresolve� NFP Small virus Flat sheet PVDF

Viresolve� NFR Large virus Flat Sheet PES

Viresolve� Pro Small virus Flat sheet PES

Danaher (Pall) Ultipor� DV20 Small virus Flat sheet PVDF

Ultipor� DV50 Large virus Flat sheet PVDF

PegasusTM SV4 Small virus Flat sheet PVDF

PegasusTM Prime Small virus Flat sheet PES

Sartorius Stedim Virosart� CPV Small virus Flat sheet PES

Virosart� HC Small virus Flat sheet PES

Virosart� HF Small virus Hollow fiber PES

PVDF: Hydrophilic modified polyvinylidenedifluoride (PVDF)

PES: Hydrophilic modified polyethersulfone (PES)
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Conclusions and outlook

Planova has been introduced into the industrial

manufacturing processes in the last three decades.

VF has become the de facto standard as a common unit

operation as the most robust virus reduction technol-

ogy for biological products, and Planova has made a

significant contribution to ensure the viral safety.

Based on the spinning technology of cuprammonium

regenerated cellulose cultivated in Bemberg fiber and

artificial kidney and basic research on phase separa-

tion, Planova is produced by the devisal of the original

U-shaped spinning technique. Further, the develop-

ment of the small virus-retentive VF (Planova20N) by

deepening the phase separation technology and the

innovative activities of the characterization of the VF

have been attempted. Planova is made of highly

hydrophilic cellulose hollow fiber and has a three-

dimensional network structure consisting of intercon-

nected void pores and capillary pores, designed to less

breakage of the pore structure, which provides the

advantage of low flux decay during filtration and high

protein recovery while also providing high virus

removability.

By strength in a deep understanding of technologies

of phase separation, advanced control technology of

membrane structure, and advanced characterization

analysis of membranes using viruses, proteins and etc.,

we believe that VF can contribute to the future

response to new needs for manufacturing biological

products and the utilization of VF for new therapeutics

such as gene therapy.
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