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a b s t r a c t 

Viral and non-viral vectors have revolutionised in the last 5 years the approaches to tackling pandemics, cancers 

and genetic diseases. The intrinsic properties of these vectors present new separation challenges to their manu- 

facture in terms of both the process-related impurities to be removed and the complex labile nature of the target 

products. These characteristics make them susceptible to heterogeneity and the formation of product-related 

impurities. 

Conventional polyethersulfone membrane filters used for sterile filtration and ultrafiltration of viral vectors 

and lipid nanoparticles can display limited selectivity and cause product losses. To address these challenges, 

novel membrane materials and fabrication techniques to overcome the boundary of selectivity-permeability per- 

formance have become of interest. Isoporous membranes with well-defined pore size and pore dispersity at the 

nano-scale show promising separation performance but have only been demonstrated at small scales to date. 

This review summarises the decision process for the development of new membrane candidates for vector 

manufacturing in genomic medicine, including membranes fabricated by lithography, track-etched membranes, 

anodic aluminium oxide (AAO) membranes and self-assembled block copolymer membranes. By comparing these 

membranes to existing commercially available products, the possible advantages presented by novel materials 

and fabrication approaches are identified. 
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. An introduction to vectors for genomic medicine delivery 

.1. Viral vector delivery 

The rise in popularity of genomic medicines for clinical applica-

ions has driven the need to manufacture a variety of viral vectors.

hese vectors include adeno-associated virus (AAV), adenovirus (AV),

nd lentivirus (LV). When compared to therapeutic proteins, the cur-

ently dominant class of biological products for therapeutic use, these

roducts are a) more complex and often carry a genetic payload that

ust be correctly packaged within a capsid or lipid structure composed

f multiple components and b) larger in size by around one order of

agnitude in diameter. Consequently, these characteristics present new

eparation challenges ( Srivastava et al., 2021 , Segura et al., 2011 ). 
Abbreviations: AAO, Anodic aluminium oxide; BCM, Block copolymer membrane; A

in; PEO, Polyethylene oxide; HRV, Human Rhinovirus; LNTs, Lipid Nanotubes; BHb

IPS, Non-solvent-induced phase separation; CNTs, Carbon nanotubes; PC, Polycarbo

ration; PDMS, Polydimethylsiloxane; PEGDA, Poly(ethylene glycol) diacrylate; PVP,

ifluoride. 
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.1.1. Viral vector separation challenges due to complexity 

The best known of these is the separation of empty vs full cap-

ids, i.e., the separation of viruses with and without their genetic pay-

oad. This is a problem particularly prevalent in AAV. It is likely as

nderstanding of the critical quality attributes of these complex vec-

ors increase then other factors will need to be taken into consideration,

uch as the extent of glycosylation on the vector surface ( Ozdilek and

vci, 2022 ). 

.1.2. Viral vector separation challenges due to size 

As complex biological products are synthesised in mammalian cells,

oncerns about bacterial and viral contamination must be addressed.

terile filtration is therefore a critical requirement of the majority of pro-

esses ( Singh and Heldt, 2022 ). When compared to therapeutic proteins,
AV, Adeno-associated virus; LNPs, Lipid nanoparticles; BSA, Bovine serum albu- 

, Bovine haemoglobin; IgG, Immunoglobulin G; HGH, Human growth hormone; 

nate; PET, Poly(ethylene terephthalate); NIPS, Non-solvent Induced Phase Sep- 

 Polyvinylpyrrolidone; PI, Polyimide; PP, Polypropylene; PVDF, Polyvinylidene 
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Fig. 1. (a) SEM image of a commercial ultrafiltration membrane prepared by 

non-solvent induced phase separation (NIPs) (b) SEM image of a block copoly- 

mer membrane. The schematic models represent the filtration process to sepa- 

rate particles by the size difference. Red and blue particles are solutes with dif- 

ferent radii. The figure is reprinted with permission from ( Zhang et al., 2018 ). 

Copyright 2018 Nature. 

t  

l  

i

1

 

n  

a  

t  

h  

T  

c

2

m

 

m  

r  

A  

g  

d  

C  

g  

m  

i  

c  

Y  

B

 

p  

d  

t  

e  

e  

a  

m  

t  

i  

i  

n  

o

2

 

l  

c  

h  

(

 

c  

t  

T  

s  

c  

i  

w  

M  

c  

2

 

w  

c  

l  

t  

t  

t  

e  

(

2

n

 

e  

(  

fi  

p  

t  

e  

t  

a  

(  

a  

𝜇  

i  

v  

p

 

a  

fi  

T  

i  

(  

P  

f  

p

2

 

p  
he larger size of viruses approaching that of bacterial cells raises the

evel of difficulty in achieving size-based separation using membranes

n ensuring successful sterile filtration. 

.2. Lipid nanoparticle delivery and associated separation challenges 

An alternative delivery vehicle for genomic medicines is lipid

anoparticles (LNPs), as exemplified by mRNA vaccines in prophylactic

pplications ( Samaridou et al., 2020 ) . The modality also has the poten-

ial for a broad variety of therapeutic uses. The separation challenges

ave much in common with viral vectors when compared to proteins.

hey too are relatively complex and large, therefore exhibiting common

hallenges in areas such as sterile filtration. 

. Technical challenges in the purification of vectors for genomic 

edicine 

Sterile filtration and ultrafiltration membranes are widely imple-

ented in the downstream separation of viral vectors and LNPs for the

ecovery, purification, concentration and formulation of the products.

s shown in Fig. 1 a, commercially available polymeric membranes offer

ood permeability but have poor selectivity, due to their wide pore size

istribution and interconnected pore channels ( Yang and Zhang, 2018 ).

onventional materials and fabrication techniques cannot achieve any

reater control of pore size and dispersity. However, advances in nano-

aterials and fabrication techniques have enabled improved order-

ng of pore size and dispersity as displayed in Fig. 1 b. Examples in-

lude block copolymer membranes ( Qiu et al., 2013 , Dorin et al., 2014 ,

ang et al., 2006 ) and anodic aluminium oxide membranes ( Sharma and

racewell, 2019 , Osmanbeyoglu et al., 2009 , Jeon et al., 2014 ). 

This category of membranes having ordered, dense, and uniform

ores with straight channels are called ‘isoporous membranes’ and are

esigned to achieve precise solute rejection based on size discrimina-

ion. These membranes fabricated by organic and inorganic materials

xhibit a range of mechanical flexibility, stability and anti-fouling prop-

rties ( Phillip et al., 2010 ). This review begins with the main challenges

nd initiatives in the downstream separation of vectors used in genomic

edicine. Isoporous membrane technology for sterile filtration and ul-
2 
rafiltration is evaluated and several candidates are compared. This

ncludes lithography, track etched membranes, anodic aluminium ox-

de membranes and block copolymer membranes. The fabrication tech-

iques for making these membranes are summarised and the potential

f this technology for bioprocessing purposes is discussed. 

.1. Viral vectors - separation of empty versus full AAV capsids 

Mainstream viral vectors such as adeno-associated virus, adenovirus,

entivirus and herpes simplex virus have different features including

harge, size, gene payload and immunogenicity. Among them, AAV

as been recognised as one of the most popular vectors for delivery

 Lundstrom, 2003 ). 

One of the key challenges for manufacturing AAV is to separate full

apsids from the empty and non-infective capsids in different serotypes

o meet requirements of purity, efficacy and safety ( Segura et al., 2011 ).

he full, empty and non-infective particles have a minimal difference in

urface chemistry, size and charge ( Srivastava et al., 2021 ). Therefore,

olumn-based separation techniques such as affinity, size exclusion and

onic exchange chromatography are not always compatible and overlap

hen eluted, which leads to considerable product loss and low yield.

oreover, harsh column elution conditions, extreme pH and high salts

ould damage viral particles and cause further loss ( Srivastava et al.,

021 ). 

As shown in Fig 2 , chromatography columns are still the most

idely-used and well-established techniques in the downstream pro-

essing for viral vector manufacturing, which attributes to their excel-

ent scalability, stability and reproducibility. Another method based on

he density difference between full and empty capsids widely used in

he laboratory is CsCl density gradient ultracentrifugation. However,

his method is expensive, laborious, non-scalable and sensitive to op-

rating conditions, which limits its application to the production scales

 Segura et al., 2011 ). 

.2. Sterile filtration for the recovery of viral vectors and lipid 

anoparticles (LNPs) 

Sterile filtration, within the range of microfiltration (MF), is the most

xpensive unit operation in the downstream process of AAV production

 Srivastava et al., 2021 ). Sterile filtration operates in the normal flow

ltration mode (commonly referred to as dead-end) and removes im-

urities based on size exclusion. Ideally the product of interest passes

hrough the filter and any larger wanted components are rejected. How-

ver, when viral particles travel through the membrane surface and

he porous structure, they are likely to aggregate due to shear stress

nd adsorb to the polymer surface, which results in product yield loss

 Srivastava et al., 2021 ). Another struggle is to find a sterile filter with

 suitable pore size for these large particles. Membranes with rated 0.2

m and 0.45 𝜇m nominal pore sizes are most commonly used for a ster-

lising grade filtration process. However, whilst this is suitable for con-

entional products such as monoclonal antibodies, larger viral vectors

resent filtration challenges. 

To formulate LNPs commercially, an extrusion step is commonly

dopted by passing feed through single or multiple isoporous membrane

lters, e.g. polycarbonate track-etched membranes ( Carugo et al., 2016 ).

his process can produce LNPs with customised average sizes and var-

ous size distributions (polydispersity index reported from 0.1 to 0.4)

 Ong et al., 2016 , Jousma et al., 1987 , Maurer et al., 2001 ). However,

C track-etched membranes are only available in lab scales and tend to

oul quickly when handling polydisperse LNPs, which severely impacts

roductivity ( Jousma et al., 1987 ). 

.3. Ultrafiltration for the purification of viral vectors 

Ultrafiltration is an important unit operation and is usually im-

lemented multiple times in the downstream bioprocessing, such as
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Fig. 2. Strategy for viral vectors downstream purification at laboratory and production scales. This figure is adapted from ( Segura et al., 2011 ) and was created 

using Biorender ( Aoki and BIORENDER, 2017 ). 
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 Jungbauer, 2013 ). Compared with sterile filtration, ultrafiltration

embranes normally have finer pores at the skin layer for achieving

ood rejection, but this feature leads to low permeability and there-

ore prolonged processing times ( Vishali and Kavitha, 2021 ). Moreover,

arge biological particles such as viral vectors and LNPs show signifi-

ant diffusion limitations for pressure-driven filtration processes, which

auses noticeable concentration polarization. At a high driving pressure,

he phenomenon becomes more severe and further increases processing

ime. Therefore, ultrafiltration normally operates in tangential flow fil-

ration mode to minimise concentration polarization and reduce foul-

ng ( Sablani et al., 2001 ). Although increasing the filtration area can

horten the processing time, it proportionally contributes to material

osts. The selectivity-permeability performance and anti-fouling prop-

rties are key characteristics for ultrafiltration purposes[14]. Ultrafil-

ration membranes with these characteristics are demanding in the bio-

rocessing industry. 

.4. Membrane design: selective/permeability trade-offs 

The design of a new membrane must consider selectivity, permeabil-

ty, anti-fouling resistance (capacity), and physical/chemical stability

 Phillip et al., 2011 ). Among them, selectivity and permeability are the

wo most critical parameters, and their relationship is always a trade-off.

he reason is that the selectivity-permeability performance of commer-

ial membranes is limited by the characteristics of conventional mem-

rane materials and fabrication techniques. 

The selectivity versus permeability trade-off as displayed in Fig. 3 a

or gas separation membranes was first summarised by Robeson in 1991

 Sablani et al., 2001 ) and then revisited in 2008, widely referred to the

Robeson upper-bound plot’ ( Robeson, 2008 ). The shifting of the up-

er bound from 1991 to 2008 implies that the advancement of new

aterials and fabrication techniques have contributed to improving

embrane performance. Similarly, the ‘Robeson plot’ for ultrafiltra-

ion membranes in Fig. 3 b was first summarised by Mehta and Zyd-

ey in 2005, who used bovine serum albumin (BSA) as the model so-

ute ( Mehta and Zydney, 2005 ). Towards the boundary, novel isoporous

embranes fabricated by new materials or techniques that could exceed
3 
he trade-off have been reported, such as block copolymer membranes

 Radjabian and Abetz, 2015 , Wang et al., 2020 ), and porous anodic alu-

inium membranes ( Lee and Mattia, 2013 ). 

. Isoporous membranes, their fabrication methods and 

pplications in bioprocessing 

.1. Isoporous membranes importance 

The Robeson plot maps the selectivity-permeability performance

oundary of current membranes. It gives the directions for seeking the

deal membrane in a two-dimensional coordinate, stability and anti-

ouling features. As is shown in Fig. 4 , membranes used in biosepara-

ions are mainly microfiltration (MF) and ultrafiltration (UF). The solute

ransport mechanism is determined by size exclusion, which means that

he solute is either travelling through or rejected by the membrane sur-

ace and inner pore channel ( Werber et al., 2016 ). Even with the same

ominal pore size, membranes with different pore size distributions at

he surface tend to exhibit differing selectivities. 

Conventional MF and UF membranes that have been widely used

n industry, such as polyethersulfone (PES), are made by non-solvent

nduced phase separation (NIPs) process ( Loeb and Sourirajan, 1963 ).

his method obtains membranes with an asymmetric structure: a thin

elective surface layer and a thick macroporous sponge-like supporting

ayer. However, it results in a non-uniform pore size distribution at the

urface and tortuous interconnected pore channels that follow a gamma

unction distribution as seen in Fig. 5 a. The high percentage of large

ores allows a wide range of particles to travel through the membranes,

hich restricts rejection capability. 

Examples approaching ideal isoporous membranes are polycarbon-

te track-etched and anodic aluminium oxide (AAO) membranes, shown

n Fig. 5 b. The pore size distribution shows a narrow log-normal distri-

ution function and performs a sharper selectivity than the membrane

n the first column. However, the former has low pore density which

eads to poor permeability. Although the latter has high porosity, the

eparation thickness is a few hundreds of microns in order to retain me-

hanical strength, which results in poor permeability. Moreover, both

andidates have limited scale-up potential and are only available at an-

lytical scales. 
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Fig. 3. (a) Upper boundary for O2/N2 separa- 

tion in 1991 and 2008. The figure is reprinted 

with permission from ( Robeson, 2008 ). Copy- 

right 2008 Elsevier. (b) The selectivity versus 

permeability plot for ultrafiltration membranes 

using BSA (R h ≈ 4 nm) as the benchmark solute. 

The figure is reprinted with permission from 

( Mehta and Zydney, 2005 ). Copyright 2005 El- 

sevier. 

Fig. 4. The solute transport mechanism is dominated by size exclusion in microfiltration and ultrafiltration, and dominated by solution diffusion in reverse osmosis 

and forward osmosis. In nanofiltration, the solute transport mechanism combines size exclusion and solution diffusion. This figure is adapted from ( Werber et al., 

2016 ) and is created by Biorender ( Aoki and BIORENDER, 2017 ). 
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An ideal isoporous membrane as displayed in Fig. 5 c should have a

niform pore size distribution, high porosity, straight pore channels, and

e able to give high permeability. The surface pore size distribution is a

elta function and is expected to achieve precise rejection. This brings

 proposed filtration model with a composited asymmetric structure: a

op thin layer with uniform pore size, straight pore channels and high

ore density to achieve good selectivity and permeability performance

n addition to a rigid bottom layer with macroporous ‘sponge-like’ struc-

ure to provide mechanical support. New membrane concepts based on

ovel isoporous materials and fabrication techniques are discussed in

he following sections. 

.2. Isoporous membranes 

Isoporous membranes can be classified into two categories: lithogra-

hy and non-lithography including anodization, track-etching, and self-

ssembly based methods. The characteristics of these membranes are

ummarised in Table 1 , and their fabrication methods are described be-

ow. 
4 
.2.1. Isoporous membranes by lithography 

Lithography was originally developed for microelectronics manufac-

uring processes, and the method applies various UV and plasma etch-

ng steps through a patterned template to create semiconductor silicon

hips with well-ordered and dense pore structures. This method can be

pplied to the fabrication of both polymeric and inorganic membranes

ith pore sizes from 0.5 to 50 𝜇m which is within the microfiltration

ange ( Nanoengineered et al., 2013 ). Bioseparation applications of these

embranes focus on isolating and analysing circulating tumour cells

 Zheng et al., 2007 , Xu et al., 2010 , Urabe et al., 2006 ). Their use has also

een explored in facilitating cell culture imaging ( Kim et al., 2014 ) and

solating plant organelles ( Sabirova et al., 2020 ). However, expensive

ithography-associated methods can currently only be commercialised

t analytical scales and hence are only suitable for dealing with high-

alue and low-volume products. Moreover, the method currently makes

nly pore sizes within the range of microfiltration applications. The re-

overy of proteins and common viral vectors requires a finer pore within

he ultrafiltration range. 
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Table 1 

Current methods for fabricating isoporous membranes, their pore size range, pore density and their advantages and disadvantages. Information is adapted from: 

( Nanoengineered et al., 2013 ) and ( Sabirova et al., 2020 ). The SEM pictures of membranes are reprinted with permission from ( Osmanbeyoglu et al., 2009 , 

Sabirova et al., 2020 , Apel, 2001 , Zhang et al., 2020 ) 

Fabrication methods Materials Pore size Pore density Advantages & Disadvantages 

 

 

Lithography 

Inorganic (e.g. Silicon, SiO 2 , 

Si 3 N 4 , Metal) 

Organic (Polyimide, PET, 

PEGDA, SU-8, PDMS, 

Parylene, Mylar, Kapton) 

5 nm - 1 mm 10 6 -10 10 pore/cm 

2 Excellent mechanical stability 

Chemical inertness 

Biocompatible 

Versatile material 

Good for mass production 

Expensive 

Anodization 

Aluminium, Silicon, 

Titanium, Magnesium 

5 nm -10 𝜇m 10 9 -10 10 pore/cm 

2 Less expensive 

Excellent mechanical stability 

Chemical inertness 

Biocompatible 

Brittleness 

Limited material choice 

Low permeability 

 

Block copolymer self-assembly 

PS, PMMA, PLA, PVP, PI & 

CNTs based polymers 

0.7 nm - 1 𝜇m 10 10 pore/cm 

2 Promising mechanical stability 

via SNIPS 

Scalable for SNIPS 

Chemical inertness 

Biocompatible 

Various material choice 

High permeability 

Expensive 

Track-etching 

PET, PC, PP, PVDF, PI 10 nm - 3 𝜇m 10 5 -10 9 pore/cm 

2 Excellent mechanical stability 

Biocompatible 

Chemical inertness 

Expensive 

Non for scalable production 

Low permeability 

5 
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Fig. 5. (a) A model of commercially available polyethersulfone (PES) membrane made by NIPs. The pore size distribution and rejection profile are shown in the 

second and third rows, respectively. An example SEM image is shown in the fourth row. (b) An example of near isoporous membrane fabricated by an AAO membrane. 

(c) An ideal isoporous membrane (represented by the image of a section of block copolymer-derived AAO membrane) that shows the narrowest pore size distribution 

and highest pore density in the SEM image at a small scale. The figure is reprinted with permission from ( Nanoengineered et al., 2013 ). Copyright 2021 Elsevier. 
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.2.2. Track etched membranes 

Track-etched membranes are mostly made of polycarbonate (PC) or

olyethylene terephthalate (PET). They are prepared by high-energy

articles or ions from a nuclear reactor or ion beams into the dense poly-

er films, followed by chemical etching steps for washing out any resid-

als ( Ileri et al., 2013 ). These methods yield membranes with nearly

dentical pore sizes from 10 nm to several microns with straight pore

hannels. However, porosity is relatively low and pore size is not always

dentical due to the bombardment of ions forming overlapping tracks

 Sabirova et al., 2020 ). Hence these membranes have good selectivity

ut limited permeability, which is not suitable for large-scale filtration.

s the fabrication methods are relatively expensive, track-etched mem-

ranes are only commercially available at small scales with limited ap-

lications for laboratory filtration and cell culture ( Apel, 2001 ). 

.2.3. Anodic aluminium oxide (AAO) membranes 

Anodic aluminium oxide membranes have uniform pore sizes and are

anufactured from 4 nm to 300 nm, covering the range for microfiltra-

ion and ultrafiltration ( Hwang et al., 2002 ). The surface pore density is

ery high, and straight pore channels are throughout the cross section

s an active separation layer. The fabrication of AAO membranes is first
6 
ia a mild anodization step followed by a hard anodization step where

 highly ordered pore structure is formed ( Patel et al., 2020 ). Despite

romising separation performance and extensive possible applications,

AO membranes are only available at analytical scales. The long cylin-

er pore channels in the selective layer through the membrane cross-

ection reduce the overall permeability ( Hwang et al., 2002 , Peng Lee

nd Mattia, 2013 ). The brittleness of AAO makes it challenging to inte-

rate into a typical membrane filtration module or to be constructed as

ollow fibres, which hinders the development of the membranes to pro-

uction scales ( Sharma and Bracewell, 2019 ). Moreover, it is difficult to

anufacture defect-free AAO membranes at a large scale due to limita-

ions of current fabrication techniques. The existence of defects has been

eported in commercial AAO membranes ( Peng Lee and Mattia, 2013 ). 

.2.4. Self-assembled block copolymer membranes 

Block copolymers are macromolecules that consist of two or

ore blocks of repetitive units that are joined by covalent bonds

 Bastakoti and Liu, 2017 ). The polymeric blocks are thermodynami-

ally incompatible and can assemble into different patterns based on

 series of factors, such as the percentage of the block ( ƒA ), degree of

olymerisation (N), the interaction between polymers and solvents ( 𝜒)



K. Meng, T.F. Johnson, A. Alvarez-Fernandez et al. Journal of Membrane Science Letters 3 (2023) 100052 

Fig. 6. (a) Theoretical simulation of phase diagram of diblock copolymer in melt. 𝜒 Flory-Huggins interaction, N the degree of polymerisation, f the fraction of one 

block. The figure is reprinted with permission from ( Matsen and Bates, 1996 , Khandpur et al., 1995 ). Copyright 1995 American Chemical Society. (b) A schematic 

phase diagram of diblock copolymer self-assembly in the melt. The figure is reprinted with permission from ( Darling, 2007 ). Copyright 2007 Elsevier. 

Fig. 7. The generic fabrication routes via selectively etching or swelling (top) and via SNIPS (bottom). The figure (top) is adapted from ( Yang et al., 2006 ) and is 

created by Biorender ( Aoki and BIORENDER, 2017 ). 
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 Bastakoti and Liu, 2017 , Nie and Kumacheva, 2008 ). Among these pat-

erns that are displayed in Fig. 6 b, cylindrical structures are used for fab-

icating porous membranes for ultrafiltration purposes. Self-assembled

lock copolymers can be fabricated as isoporous membranes with uni-

orm pore size, high porosity and straight pore channels. Compared with

AO membranes, block copolymer membranes are sufficiently flexible

o be integrated into various modular filtration designs, such as flat

heets or hollow fibres ( Hilke et al., 2013 ). Block copolymer membranes

an also show stimuli responses such as to pH, which could be particu-

arly suitable for protein separation because they charge differently at

arious pH conditions ( Nunes et al., 2011 ). 

As shown in Fig. 7 , the fabrication of block copolymer membranes is

erformed by one of two pathways: (I) selective etching or swelling (II)
7 
elf-assembly and non-solvent-induced phase separation ( Nunes, 2020 ).

he former normally goes through the coating, annealing, floating, and

tching or swelling ( Yang et al., 2006 ). This method makes thin film

omposite (TFC) membranes with a two-layer structure: a selective thin

lock copolymer layer on the top and a highly permeable backing layer

hat provides mechanical support for filtration applications. 

The latter is abbreviated as SNIPS. The fabrication process involves

wo steps combining the features of block copolymer self-assembly and

he well-known non-solvent-induced phase separation (NIPs) process pi-

neered by Loeb and Sourirajan ( Loeb and Sourirajan, 1963 ). Firstly, a

olymeric solution is cast onto a plate by blade coating, followed by

aporising solvents in the air when the block copolymer starts to assem-

le at the surface. Next, the sample is immersed in a non-solvent bath,
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sumption ( 𝜀 / 𝛿 = 1 𝜇m 

-1 ) ( Mochizuki and Zydney, 1993 ). The membrane perfor- 

mance data is extracted from ( Mehta and Zydney, 2005 , Lee and Mattia, 2013 , 

Hampu et al., 2020 ) 
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A

ypically water. The non-solvent phase penetrates from the film surface

nd substitutes the original solvent underneath the skin layer where a

acroporous supporting layer is formed. Apart from blade coating, dip

oating and spray coating have also been used for fabricating polymeric

embranes at different scales ( Khan et al., 2014 ). 

.3. Locating isoporous membranes in the permeability-selectivity plot 

Based on data published by Mehta and Zydney ( Mehta and Zyd-

ey, 2005 ), an updated selectivity-permeability analysis including iso-

orous membranes is plotted in Fig. 8 . Black symbols scattering at

he conventional boundary are commercial membranes such as poly-

ulfones, cellulosic and acrylic and acrylonitrile. The performance of

lock copolymer-based membranes (red symbols) via etching, swelling

nd SNIPS are widely spread out but remain within the conven-

ional boundary. Overall, block copolymer membranes via swelling

nd etching provide better permeability, and the SNIPS method per-

orms better in selectivity. Although the maximum separation fac-

or of AAO membranes reaches around 90, the permeability is not

ery promising due to their thick active separation layer, which lim-

ts their throughput. Reducing the thickness of AAO discs can increase

he permeability but decrease the mechanical strength and robustness,

hich tends to generate creaks and defects during manufacturing and

pplications. 

Among these isoporous membranes, block copolymer membranes

eem a promising candidate to overcome the trade-offs and towards the

ew boundary (green dashed line in Fig 8 .) generated by simulation,

ased upon an isoporous membrane of fixed porosity and an active sep-

ration layer thickness of 1 𝜇m 

-1 ( Hampu et al., 2020 ). However, there

re a few reasons why experimental data cannot match predictions. One

mportant reason is that BSA (hydrodynamic radius, R h ∼ 4 nm) as the

enchmark solute is too small for assessing the performance of current
able 2 

 summary of recent ultrafiltration and sterile filtration applications of isoporous me

Year Materials Model solutes Milestones 

2005 PS-b-PMMA HRV14 (30nm) Thin-film (pore size ∼15 nm, thickn

and was coated on a commercial m

thickness ∼150 𝜇m). Its selectivity 

cells, and was benchmarked with t

membranes 

2007 PS-b-PMMA HRV14 (30nm) Thin-film (pore size ∼17 nm, thickn

crosslinked on a commercial micro

thickness ∼150 𝜇m). The filterabili

to infecting HeLa cells at different 

2010 PS-b-PMMA BSA/hGH The pore size of PS-b-PMMA memb

layer, which was used as a novel d

and human growth hormone (hGH

over 3 weeks was observed. 

2013 PS-b-P4VP BSA/IgG 

BSA/BHb 

A 50 cm 

2 isoporous membrane is f

size ∼34 nm, thickness 100 nm). T

BSA/IgG by size and BSA/BHb by 

achieved 87 at pH 7.4, and the sel

2019 pGO-PS-b-P4VP BSA/IgG Polymer-grafted (pGO) nanosheets

with the top layer (pore size 25 nm

compare the performance of pGO-

for separation binary protein mixtu

antifouling resistance with 66% en

the record. 

2009 AAO BSA/BHb AAO membranes show high selecti

albumin (BSA) and bovine hemogl

2014 AAO Hepatitis c virus The enrichment efficiency (infectiv

ultrafiltration using AAO is over fo

ultracentrifugation methods. 

2019 AAO BSA/BSA nano 

particles 

AAO has shown excellent fouling r

with a commercial polymer memb

2006 AAO/ PC track 

etched 

LNTs AAO and polycarbonate track etch

nanotubes with customised diamet

2016 PC track etched LNTs Extrusion through PC filters gave a

highest among a few mainstream n

8 
lock copolymer membranes because these membranes have an aver-

gely larger pore size than commercial membranes. 

The selectivity-permeability performance for filtrating PEO at 100

Da (R h ∼ 10 nm) becomes significantly better than the results of BSA

ltration, which indicates that block copolymer membranes could be
mbranes for bioprocessing applications. 

Ref. 

ess ∼80 nm), was etched by hydrofluoric acid, 

icrofiltration membrane (pore size ∼0.2 𝜇m, 

was assessed by using the filtrate infecting HeLa 

he performance with AAO and track-etched 

( Yang et al., 2006 ) 

ess ∼160 nm), was etched by oxygen plasma, and 

filtration membrane (pore size ∼0.2 𝜇m, 

ty test is performed by using the feed and filtrate 

diluted concentrations. 

( Yang et al., 2008 ) 

ranes was reduced to 6 nm by coating with a Au 

rug delivery system for in vitro delivering BSA 

). A constant releasing rate of hGH in vivo for 

( Jackson and Hillmyer, 2010 ) 

abricated via SNIPS with the toper layer (pore 

he ultrafiltration was performed to separate 

surface charge. The selectivity for theformer 

ectivity achieved 10 at pH 4.7. 

( Qiu et al., 2013 ) 

 were grafted on PS-b-P4VP membranes via SNIPS 

, thickness 200 nm). Filtration experiments 

PS-b-P4VP membrane with PS-b-P4VP membrane 

res (BSA/IgG). The former performed better 

hanced flux and highest separation factors (33) in 

( Shevate et al., 2019 ) 

vity ( > 42) for separating between bovine serum 

obin (BHb). 

( Osmanbeyoglu et al., 2009 ) 

ity percentage after unit operation) of 

ur times higher than conventional 

( Jeon et al., 2014 ) 

esistance and a 3-4 higher selectivity compared 

rane. 

( Sharma and 

Bracewell, 2019 ) 

ed membranes are used to produce lipid 

ers. 

( Guo et al., 2006 ) 

 67.9% reduction in liposome size, which is 

anosizing methods. 

( Ong et al., 2016 ) 
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Table 3 

Spinout companies focusing on isoporous membranes for bio-separation applications. 

Innovation Company Ref. 

PS-b-P4VP di-block copolymer ultrafiltration membranes via SNIPS for virus 

clearance in monoclonal antibodies manufacturing process 

Terapore ( https://www.terapore.com/ ) ( Teraporetech Inc 2020 ) 

Block copolymer nanofiltration membranes for water purification purposes Anfiro ( https://www.anfiro.com ) ( Anfiro Inc 2020 ) 

AAO isoporous membranes and templates for lab and biomedical research Topmembranes ( http://www.topmembrane.com/ ) ( Topmembrranes Technology 2022 ) 

Silicon-based isoporous membrane for biomedical applications and material study SiMPore ( https://simpore.com/ ) ( Simpore Inc 2022 ) 
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ore suitable for separating large particles, such as viral vectors and

NPs ( Hampu et al., 2020 ). Another reason is that the porosity to ac-

ive thickness ratio ( 𝜀 / 𝛿) of block copolymer membranes is generally

ow (0.2 to 1 𝜇m 

-1 ), compared with 1 𝜇m 

-1 for commercial NIPS mem-

ranes ( Mehta and Zydney, 2005 )[53]. As their surface porosity is high

nough, this indicates that block copolymer membranes have a thicker

kin separation layer. Further research should address on controlling the

hickness of the active layer in SNIPS methods, in addition to searching

or suitable backing materials for depositing thin block copolymer layer

n the swelling or etching methods ( Hampu et al., 2020 ). 

. Perspectives on isoporous membranes for bioprocessing 

Isoporous membranes with scalable and customisable advantages

ave promising futures for purifying emerging genomic medicines such

s viral vectors and liposome nanoparticles. A number of bio-separation

pplications involving proteins, viruses and LNPs by using block copoly-

er membranes, AAO, and track etched membranes have been demon-

trated in the laboratory, which is summarised in Table 2 . AAO mem-

ranes can achieve excellent rejection based on size discrimination

nd exhibit superior antifouling resistance. Nevertheless, such mem-

ranes suffer from poor permeability, which is limited by the long cross-

ectional pore channels. The brittleness characteristic of alumina ox-

de also makes it difficult to scale up and be integrated into filtration

odules. 

From the selectivity-permeability perspective, the performance of

urrent self-assembled block copolymer membranes is comparable with

ommercial membranes for BSA separations. However, in the separation

f larger particles, such as PEO-100 KDa, their performance is markedly

uperior ( Hampu et al., 2020 ), which makes them a promising candi-

ate in ultrafiltration operations for the harvest of large biological prod-

cts. Besides the selectivity-permeability performance, block copolymer

embranes exhibit a variety of promising properties by modifying or

rafting functional groups on the membrane surface. These beneficial

eatures span across a spectrum that includes enhanced antifouling and

ntibiofouling ( Tripathi et al., 2013 ), improved size/charge based re-

ection ( Zhang et al., 2020 ), and multiple stimuli-response behaviour

 Clodt et al., 2013 ). Moreover, the fabrication of block copolymer-based

embranes can be achieved in a wide range of coating methods, and

ntegrated into various filtration modules such as hollow fibre and flat

heets. These characteristics have attracted a number of spin-out compa-

ies active in the domain of developing isoporous membranes for bio-

eparations, biomedical research and water purification purposes (see

able 3 ). Further applications of block copolymer materials can be cus-

omised into the membrane with a wide pore size range that passes

arge viral particles and LNPs in sterile filtration. This could greatly re-

uce any bioburden handled by chromatography columns. The stimuli-

esponse feature of the block copolymer is particularly suitable for sep-

rating charged biomacromolecules by adjusting the solution pH and

harge ( Qiu et al., 2013 ). 
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