
1 
 

Current Status and Future Directions of Self-Assembled Block Copolymer Membranes for 

Molecular Separations 

 

Chao Lang,a,b,c Manish Kumar,d,* and Robert J. Hickeyc,e* 
aSouth China Advanced Institute for Soft Matter Science and Technology, School of Molecular 

Science and Engineering, bGuangdong Provincial Key Laboratory of Functional and Intelligent 

Hybrid Materials and Devices, South China University of Technology, Guangzhou 510640, China. 

cDepartment of Materials Science and Engineering, eMaterials Research Institute, The 

Pennsylvania State University, University Park, Pennsylvania, 16801, United States 
dDepartment of Civil, Architectural, and Environmental Engineering, The University of Texas at 

Austin, Austin, TX, 78712, United States 
 

*Corresponding Authors: manish.kumar@utexas.edu and rjh64@psu.edu 

 

Abstract 

One of the most efficient and promising separation alternatives to thermal methods such as 

distillation is the use of polymeric membranes that separate mixtures based on molecular size or 

chemical affinity. Self-assembled block copolymer membranes have gained considerable attention 

within the membrane field due to precise control over nanoscale structure, pore size, and chemical 

versatility. Despite the rapid progress and excitement, a significant hurdle in using block 

copolymer membranes for nanometer and sub-nanometer separations such as nanofiltration and 

reverse osmosis is the lower limit on domain size features. Strategies such as polymer post-

functionalization, self-assembly of oligomers, liquid crystals, and random copolymers, or 

incorporation of artificial/natural channels within block copolymer materials are future directions 

with the potential to overcome current limitations with respect to separation size.  
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Block copolymer separation membranes are energy efficient alternatives to thermal processes but 

are limited to the nanometer range. Strategies such as post-functionalization, liquid crystal/random 

copolymer self-assembly, and hybrid channel/polymer materials are potential avenues for 

overcoming current limitations. 
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Introduction 

Efficient and affordable chemical separations using nonthermal processes is a global challenge, 

and if successful, will significantly reduce energy consumption globally.(1, 2) Approximately 15% 

of the energy consumption within the United States is due to chemical separation processes that 

use thermal methods such as distillation. As an energy efficient separation technique and 

promising alternative to thermal processes such as distillation, membrane filtration has attracted 

significant attention, and is critical in building a sustainable world .(3-5) However, most current 

commercial membranes are subject to an intrinsic selectivity-permeability trade-off (4, 6-9), where 

selectivity opposes permeability. Isoporous membranes constructed using block copolymer self-

assembly methods (Fig. 1) have shown great promise to overcome the selectivity-permeability 

trade-off.(4) Being able to self-assemble into various nanostructured morphologies in the size 

range from 5 to 100 nm, block copolymers have been used to fabricate membranes with very 

narrow pore size distributions while simultaneously exhibiting high permeability and selectivity. 

With several excellent reviews covering the recent progress in self-assembled block copolymer 

membranes,(10-14) here this article will place special focus on the challenge of developing 

isoporous block copolymer membranes with nanometer to sub-nanometer pore sizes. 

 

Research focus of self-assembled block copolymer membranes has been primarily explored in two 

areas: self-assembly and block etch (SABE), and self-assembly and nonsolvent-induced phase 

separation (SNIPS). Due to the thermodynamic nature of block copolymer self-assembly, many 

membranes created using these two methods have pore size range from 10 to 100 nm.(10, 11, 13) 

With methods such as post-functionalization and utilizing kinetically trapped self-assembly, the 

membrane pore size can be effectively reduced to the sub-10-nanometer range.(15, 16) Sharing 

similar fundamentals and processing parameters, self-assembly of block oligomer/liquid crystals 

and random zwitterionic amphiphilic copolymers (r-ZACs) are also emerging methods to fabricate 

nanofiltration membranes in the few-nanometer range.(17, 18) Finally, the review will address 

promising strategies to build channel-based membranes with pore sizes as small as a few 

angstroms, which also holds the promise to explore the size limit of chemical membrane 

separations (Fig. 1). Furthermore, channel-based block copolymer membranes allow for the 

separation of functions similar to natural systems: transport dictated by the channel and matrix 

imparted by the nanostructured block copolymers.(19) The variety of block copolymer membrane 
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fabrication methods provides a library of membrane materials that find applications in a number 

of fields such as biomedical, waste processing, water purification, and gas separations.  

 

 

Fig. 1. Summary of membrane fabrication membranes using polymer self-assembly methods 

and corresponding separation size ranges. SABE: self-assembly and block etch. Copyright 2010 

American Chemical Society. SNIPS: self-assembly and nonsolvent-induced phase separation. 

Copyright 2014 Royal Chemistry Society. LC: liquid crystal. Copyright 2014 American Chemical 

Society. PIMS: polymerization-induced microphase separation.  
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First introduced as an empirical observation among gas separation membranes in 1991 by 

Robeson,(7) the selectivity-permeability trade-off, also known as the “upper bond” relation, 

describes the performance limit of different polymer materials for gas separations (Fig. 2a). The 

molecular basis of this contradiction between selectivity and permeability was later explained by 

Freeman (6) in 1999. Similar trade-offs were later described for almost all types of membranes, 

such as desalination membranes,(20) ultrafiltration membranes,(21) and ion exchange 

membranes.(22) Isoporous membranes, where the pore size distribution is very narrow, enable 

both high permeability and selectivity at the same time (Fig. 2b).(21) For isoporous membranes, 

the pore geometry will effectively reduce tortuosity for high permeability while the uniform pore 

size guarantees high selectivity.(4) As shown in Fig. 2b, membranes with narrower pore size 

distribution will have  much higher separation factors compared to membranes with wider pore 

size distributions. This effect is particularly prominent when the size of separation target is similar 

to the mean size of membrane pore.(21)  

 

Block copolymer self-assembly has provided a convenient and powerful way for building 

isoporous membranes. Covalently-connected, incompatible polymer blocks will microphase 

separate to form various ordered structures, and the resulting nanoscale morphologies are 

controlled by balancing unfavorable pairwise monomer interactions (i.e., enthalpy) and chain 

configurational degrees of freedom (i.e., entropy).(23, 24) The morphology and associated length 

scale depend on the volume fraction of different blocks (fA, for the A-block volume fraction of an 

AB diblock copolymer), the incompatibility between the blocks quantified by the Flory-Huggins 

interaction parameter (χ), and the degree of polymerization (N). Nanostructures such as body-

centered sphere, lamellar, hexagonally-packed cylinders (HCPs), and gyroids are readily prepared 

through equilibrium self-assembly.(25, 26) Beyond equilibrium, kinetic-trapping strategies further 

expand the type of possible self-assembled structures.(16, 23, 27-32) Structures from block 

copolymer self-assembly typically have feature size ranging from 5 nm to 100 nm, which is 

particularly suitable for ultrafiltration applications.(13)  

 

Thermodynamic and Kinetic Factors in Block Copolymer Membrane Fabrication 

The first construction of nano-porous materials from block copolymer self-assembly dates back to 

1988,(33) which has opened new avenues for using block copolymers in membrane applications 
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such as (34) polymer electrolytes,(35) virus removal,(36) and water filtration.(37) In SABE (Fig. 

2C), equilibrium self-assembly structures of block copolymers are typically obtained through spin-

coating or solvent-casting followed by annealing, and then one of the blocks was selectively etched 

to form pore structures. PS-b-PLA,(37-39) PI-b-PLA,(40) PS-b-PMMA,(36) and PB-b-PDMS(41) 

are common block copolymers used in SABE, where the PLA, PMMA, and PDMS blocks can be 

readily etched. The self-assembly and etching methods are now straightforward especially since 

the morphology and length scale of self-assembled structures are under thermodynamic 

equilibrium control and precise synthetic processes lead to desired materials. Structures such as 

HCP and lamellar are widely explored for membrane applications.(36-38, 42) However, SABE 

involves expensive fabrication process such as directed self-assembly,(43) which makes it 

economically less competitive compared to traditional roll-to-roll membrane fabrication 

techniques.  

 

The SNIPS method to create membranes is more compatible with industrial roll-to-roll methods, 

(Fig. 2d),(15, 44-47) and is based off the widely applied method “NIPS” from industry, which 

therefore possess great potential in terms of scalability. The use of diblock copolymers PS-b-

P4VP,(15, 44, 48-52) PS-b-PEO,(53) PS-b-PHEMA,(54) and triblock copolymers PS-b-PI-b-PS-

b-P4VP (45, 46, 55, 56) and PI-b-PS-b-PDMA(47, 57) are widely explored in SNIPS. Unlike the 

SABE process, SNIPS affords asymmetric membranes with kinetically trapped structures which 

are out of equilibrium.(58) In this method, it is believed that the polymers self-assemble into 

micelles first, and then develop into ordered structure in a thin skin layer during solvent 

evaporation (solidification), which will finally form open pores when being immersed into non-

solvent.(11) Beneath the “active” skin layer of SNIPS membranes, a much thicker and more porous 

substructure (similar to that of NIPS membranes) can be found, which provides an integral support 

for the whole membrane. Due to the kinetic nature of SNIPS membrane structures, they can be 

easily tuned through various phase separation parameters such as solvent/non-solvent, 

temperature, additives, evaporation conditions, and film thickness.(12) A composite structure with 

a thin skin-layer on top of a porous substrate support structure is especially beneficial for 

simultaneously maintaining mechanical properties and high-water permeability. Water 

permeability is generally defined as volumetric flux normalized to hydraulic pressure (usually 

expressed in units of Liters per squared meters per hour per bar or LMH/bar) is an important 
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performance parameters for ultrafiltration membranes.(13) The composite structure allows for 

selectivity maintenance through the skin layer while the thinness of the skin layer enabled by the 

porous support structure allows the permeability to remain high. 

 

Although block copolymer self-assembly has been widely used to create nanostructured 

membranes with well-defined pore sizes and morphologies, statistical copolymers in which 

monomers are randomly distributed (e.g., the reactivity ratios for monomer A and B are both equal 

to 1)(59) along the polymer chain will self-assembly into co-continuous morphologies in which 

there is local microsegregation of the two different species.(60-66) Recently, the Asatekin group 

has shown that zwitterionic statistical copolymers such as poly (trifluoroethyl methacrylate-r- 

sulfobetaine methacrylate) (P(TFEMA-r-SBMA)) and poly (allyl methacrylate-r-sulfobetaine 

methacrylate) (P(AMA-r-SBMA)) are viable alternatives compared to block copolymers to create 

membranes with small pore sizes.(18, 67-70) The self-assembly method to synthesize zwitterionic 

membranes results in pore sizes as small as one nanometer, or even sub-nanometer, in addition to 

exhibiting superior anion selectivity.(18, 70) In such membranes, statistical copolymer containing 

zwitterions and hydrophobic monomers undergo microphase separation and form co-continuous 

networks with ionic and hydrophobic nanodomains. Such membranes are especially attractive due 

to the ease to scale up and their anti-fouling properties.(67-69) An added benefit of using random 

copolymers for self-assembled membranes is that domain alignment is not an issue as it is in 

ordered block copolymers. Co-continuous morphologies percolate the volume of the material and 

diffusing species will not be impeded by grain boundaries, similarly to ion-conduction in polymer 

electrolyte membranes.(71) 
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Fig. 2. Isoporous block copolymer membranes made from self-assembly and block etching 

(SABE) and self-assembly and non-solvent induced phase separation (SNIPS). (a) 

Permeability-selectivity trade-off of different membrane materials for O2/N2 separation.(9) 

Copyright 2008 Royal Society of Chemistry. (b) Effect of membrane pore size distribution on 

trade-off between membrane separation factor and permeability.(21) Copyright 2008 Royal 

Society of Chemistry. Schemes showing (c) SABE and (d) SNIPS processes to create isoporous 

block copolymer membranes.   
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Reactive Systems and Post-Polymerization Methods 

With SABE and SNIPS being the two dominant methods for preparing self-assembled block 

copolymer membranes, the majority of the prepared membranes utilize anisotropic structures such 

as HCP and lamellae, where the pore structures need to be well aligned for separation purposes. 

On the other hand, gyroids (Fig. 3a) are isotropic ordered structures that can provide 

interconnected and easily accessible pore structures without the requirement for alignment.(41) 

However, the application of gyroid structures have been greatly limited by the narrow phase space 

window with respect to block copolymer composition and molecular weight (Fig. 3b). As 

replacements, kinetically trapped bi-continuous morphologies can be easily prepared through 

crosslinking or thermal processing.(16, 27, 72-75) As shown in Fig. 3c, one kinetic trapping 

strategy is polymerization-induced microphase separation (PIMS) developed by the Hillmyer 

group.(16, 72-74) In this method, an etchable polymer (PLA) end-functionalized with chain 

transfer agent (e.g., macro-CTA) is first dissolved in a mixture containing monomer (styrene) and 

crosslinker (divinylbenzene). Upon UV or thermal initiation, polymerization will lead to the 

formation of block copolymers in situ. As N increases, microphase separation will take place due 

to an increase in segregation strength (χN). As a result of the crosslinking reactions, a disordered 

bi-continuous structure that resembles spinodal decomposition in binary polymer blends or the 

fluctuating disordered state in volumetrically symmetric diblock copolymer systems, is kinetically 

trapped before the system reaches thermodynamic equilibrium. PIMS results in membranes with 

pore sizes as small as 4-8 nm, which is significantly smaller than the majority of membranes made 

from SABE and SNIPS.(16) Recent work has shown that related in situ polymerization schemes 

that results in grafted block copolymer architectures versus crosslinked linear block copolymers 

leads to ordered and metastable phases including hexagonally perforated lamellae,(32, 76) which 

is potentially useful in membrane separation applications.(77) 

 

A related kinetic-trapping method to PIMS recently developed by the Hillmyer group is to directly 

crosslink block copolymers above their order-disorder transition temperature (TODT) (Fig. 3d).(27, 

75) Here, microphase separated block copolymer materials, PLA-b-P(S-s-GMA) or PLA-b-P(S-s-

B), are heated above TODT, resulting in a disordered polymer melt that exhibits concentration 

fluctuations resembling a bi-continuous morphology.(78) At T > TODT, the sample is crosslinked, 

and when cooled below TODT, the bi-continuous disordered state is kinetically trapped at room 
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temperature. After selectively etching one domain of the material, nanoporous membranes with 

pore size ranging from 7.5-10 nm are readily prepared.(27)  

 

Fig. 3. Co-continuous block copolymer membranes using reactive methodologies. (a) A model 

of gyroid structure shows ordered and interconnected pore structures. (b) A phase diagram of block 

copolymer where the window of gyroid structure is very narrow. (c) Polymerization-induced 

microphase separation (PIMS) for making isoporous membrane utilizing disordered co-continuous 

phase. (d) Disordered isotropic membranes made through kinetically trapping disordered 

structures by curing above the order−disorder transition temperature (TODT). (e) SEM image of a 

disordered isotropic membrane.(27) Copyright 2017 American Chemical Society.  
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Another widely explored and more straightforward way to reduce pore size is post-

functionalization of block copolymer membranes. For example, Yu et al.(51) has shown that 

through a two-step gold decoration and deposition process, the pore sizes of PS-b-P4VP 

membranes are dramatically decreased from 20 nm to 3 nm (Fig. 4a). Tuning pH is an alternative 

way of decreasing pore size, especially due to the fact that the hydrophilic blocks used in a lot of 

SNIPS membranes are pH sensitive, such as P4VP,(15, 44-46, 48, 49, 55, 79) P2VP,(80-82) and 

PAA(47, 52, 57). Nunes et al. has shown that the pore size of PS-b-P4VP membranes can be 

switched from 21 nm at basic condition (pH = 10) to 1-3 nm at acidic condition (pH = 2).(15) The 

Peinemann group has reported a PS-b-PAA and PS-b-P4VP blended block copolymer membrane 

with pore size as small as 1.5 nm.(52) The Phillip group has successfully converted the carboxylic 

acid groups inside PI-b-PS-b-PAA membrane pores into ethane-1,1-disfulonic acid groups (Fig. 

4c),(83) and achieved pore size as small as 0.8 nm (Fig. 4d).(57) Despite its success, the pH 

dependence of such membranes can also limit their application in certain environments while 

providing benefits in other applications. 

 

Fig. 4. Isoporous membranes with nanometer pore size using post-functionalization methods. 

Decreasing block copolymer membrane pore size through (a) gold deposition and (b) pH 

adjustment. (c) Reaction scheme for converting the carboxylic acid groups inside membrane pores 

into ethane-1,1-disfulonic acid groups. (d) AFM height images show size change of membrane 

pore as the environmental pH values change. Copyright 2014 Royal Society of Chemistry.  
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Oligomeric and Liquid Crystalline Copolymers Systems 

Although there has been significant progress in creating block copolymer membranes, there is a 

fundamental lower limit with respect to achievable pore size. Two simultaneous requirements need 

to be fulfilled to decrease the pore size in block copolymer membranes: high χ and low N.(84) For 

example, in AB lamellar block copolymer systems in which fA = 0.5, the domain spacing, d, is 

expected to scale as d ~ N⅔,(85-87) which means that the pore size of one of the domains would 

be d/2. Therefore, to reduce the pore size for membrane applications, one would need to reduce N, 

but at reasonable χ values, as N decreases, the material will disorder. To circumvent the 

thermodynamic limits on block copolymer pore size, researchers have synthesized high χ block 

oligomers or liquid crystalline molecules, which is an effective strategy for fabricating membranes 

with pore size that are only a few nanometers.(17, 88-90) Utilizing crosslinked liquid crystal 

mesophases, the Osuji group has developed a series of ordered nanostructured membranes with 

pore size of 1-2 nm (Fig. 5).(17, 88-90) 

 

Different liquid crystal molecules have been exploited in this type of membrane fabrication 

(chemical structures listed in Fig. 5a). Several strategies have been proven effective in developing 

efficient and robust membranes.(17, 88-91) One strategy is to target vertically aligned HCP 

structures and drive liquid crystal molecules into anisotropic self-assembly. Through magnetic 

alignment or soft confinement annealing (Fig. 5b), the pore structures were aligned perpendicular 

to the membrane plane, which will then be crosslinked at this desired orientation and form tough 

membrane materials with pore size from 1 to 2 nm.(17, 88) Liquid crystals can also be co-

assembled with a template molecule, which will be later washed out from the membrane to form 

open pores.(89) More recently, the Osuji group has also developed a new membrane model 

utilizing the isotropic HCP structures, where the separation pathways are similar to that of bi-

continuous structure membranes.(90, 92) The isotropic HCP membrane model(40, 90) does not 

require an alignment step, which could be advantageous in terms of production cost and scalability.  

1 
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Fig. 5. Isoporous membranes with nanometer pore size made from self-assembly of block 

oligomer/liquid crystals. (a) Molecular structures of the membrane building motif. (b) 

Anisotropic membranes prepared through a two-step process of self-assembly and magnetic 

alignment/soft confinement annealing.(17) Copyright 2014 American Chemical Society. (c) 

Anisotropic membranes made through a sacrificial template molecule.(89) Copyright 2017 

American Chemical Society. (d) Isotropic membranes made utilizing mesophases of hexagonally 

packed cylinders.(90)  
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Channel-Based Membranes 

Although block copolymer/oligomer/liquid crystal and random copolymer self-assembly is a 

powerful approach to reduce membrane pore sizes, the materials are experimentally limited to the 

nanometer range. The stated self-assembly methods alone are not sufficient for applications that 

require molecular level separations.(4) To this end, channel-based membranes inspired by cell 

membrane models have shown great promise to overcome current challenges.(4, 93-96) Channel 

proteins present in cell membranes are exquisite molecular machines with exceptional transport 

efficiency and selectivity, which are far beyond the reach of current commercial membrane 

materials.(97, 98) 

 

However, before biomimetic membranes can be widely applied for real-world applications, several 

challenges need to be addressed. The first challenge is how to design or modify channel molecules 

to fulfill desired separation tasks. Although natural channel proteins, such as Aquaporins, are very 

efficient, their high cost and low stability have become a major hurdle for scalability. These 

proteins are also often “over-qualified” for simple separation tasks, where certain structural and 

functional features are necessary for life but are excessive for membrane applications. One 

possible solution to the problem is to redesign more robust membrane proteins specifically for 

separation purposes.(99) Chowdhury et al. have shown that through computational design, beta-

barrel Outer Membrane Protein F (OmpF) can be used as a scaffold to exclude specific solutes 

ranging from 58 Da to 360 Da (Fig. 6a). Compared to Aquaporins, these redesigned channels have 

higher permeability and selectivity that are better suited for desalination applications, rendering 

them possibly better candidates for desalination membranes.  

 

Compared to protein redesign, a more scalable approach may be to develop artificial channels 

using synthetic methods.(100-107) Since the first report of artificial channel in 1982,(108) a large 

number of synthetic structures have been reported to simulate natural channel and pore proteins. 

These synthetic channels were designed to transport different target molecules, including 

water,(104, 105, 109-111) protons,(107, 112, 113) cations,(113-116) anions,(117, 118) amino 

acids,(119) sugars,(120) nucleic acids,(121) and proteins.(122) Some of these channels have 

already been reported to show efficiency and selectivity comparable to their natural counterparts. 

For example, Song et al.(105) have reported cluster-forming organic nanostructures that enable 
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water transport at a rate of 109 water molecules per second per channel molecule (Fig. 6b). 

Foldamer-based artificial water channels can even reach a higher water permeability of 2.7×1010 

water molecules per second, which is 2.5 times of AQP1.(104) These highly efficient artificial 

water channels have opened new avenues for developing high performance channel-based water 

purification membranes. 

 

A recently reported method for promoting proton transport through lipid bilayers is the use of 

random single chain heteropolymers, which were polymerized using both polar (oligo(ethylene 

glycol) methyl ether methacrylate (OEGMA) and 3-sulfopropyl methacrylate potassium salt 

(SPMA)), and nonpolar monomers (methyl methacrylate (MMA) and 2-ethylhexyl methacrylate 

(EHMA)).(107) The polymer chains will insert into the lipid bilayers in which the hydrophobic 

segments enter the internal bilayer domain while the hydrophilic segments reside at the water 

infaces. The organization of the polymer chain at the bilayer surfaces and internal regions is 

hypothesized to promote hydrogen-bonded chain formation, which is necessary for proton 

transport in biomembranes.(123) The ability of random heteropolymers to favorably interact and 

self-organize in lipid bilayers, and to mimic protein channels in natural systems, highlights how 

critical monomer sequence within single chains is for tailoring polymers for specific applications. 

 

With highly efficient artificial channels available for use, a critical challenge is to properly 

incorporate channel molecules into membrane materials. A key factor for building channel-based 

membrane is to align the channel molecules in the right orientation so that the channels can 

optimally perform their function.(124-127) Due to the rich self-assembled structures and similar 

amphiphilicity of block copolymers as compared to lipids, a natural progression is to co-assemble 

channel molecules and block copolymers. Among different morphologies from self-assembly, 

flatsheet-like structures such as lamellae or 2D crystals are more desirable and convenient for 

membrane fabrication (Fig. 6c, 6d).(19, 94, 128-131)  

 

Utilizing the co-assembly of a crosslinkable ABA triblock copolymer (PI-b-PEO-b-PI) with 

natural/artificial channels, Lang et al. have developed a channel-based membrane platform where 

the block copolymer matrix provides mechanical and structural support similar to lipid bilayers in 

cell membranes. Furthermore, different channel molecules can be then be added to the 
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hydrophobic domains to determine the separation function (Fig. 6c).(19) Channel-based 2D 

crystals is another successful strategy for building channel-based membranes.(130-133) Widely 

applicable to different types of channel proteins, this strategy allows for fabrication of highly 

porous 2D nanosheets, which can be further converted to large scale membranes through layer-by-

layer deposition and crosslinking.(130, 131, 133) Through this method, both natural and artificial 

channels have been exploited to co-assembly with lipids or block copolymers (PB-b-PEO) and 

form defect-free flat-sheet crystals (Fig. 6d). Using β-barrel membrane protein as separation 

elements, biomimetic membranes with separation in the sub-nanometer to few-nanometer range 

have demonstrated an extremely high water permeability that is up to 1000 times higher than that 

of commercial membranes.(131) 

  

Fig. 6. Isoporous membranes using block copolymers scaffolds and natural/artificial 

channels as separation elements. (a) Design and modification of pore structures based on OmpF 

channel proteins.(99) Copyright 2018 Nature Publishing Group. (b) Artificial water channel with 

anisotropic water-wire network designs.(131) Copyright 2020 Nature Publishing Group. (c) 

Channel-based membranes through co-assembly of channel molecules and block copolymers into 

lamellae structures.(19) Copyright 2019 American Chemical Society. (d) Channel based 
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membranes made from lay-by-layer deposition of channel inserted nanosheets.(130, 131) 

Copyright 2020 Nature Publishing Group. 

 

Summary and Outlook 

Block copolymer self-assembly promises disruptive technology advancements in the membrane 

separation field. Attributed to uniform self-assembled pore structures, selectivity and permeability 

of block copolymer membranes have been shown to exceed current commercial membranes in lab 

scale experiments. However, before such technologies can be scaled up and become commercially 

competitive, more robust, and cost-effective fabrication process are necessary. Large-scale tests 

under harsh conditions are further required to address real world operational challenges such as 

the long-term stability and fouling issues. Membrane mechanical properties also need to be 

considered due to the high hydraulic pressures that are employed in certain applications with 

ultrafiltration pressures ~ 2-5 bars and reaching as high as ~70 bars for seawater desalination.(134) 

Synthesis of mechanically robust membranes is particularly challenging for many self-assembled 

block copolymer membranes, where thin membrane thicknesses is necessary for high water 

permeability but may lead to  lower pressure resistance. Through fundamental concept innovation 

such as kinetic trapping, liquid crystal self-assembly, and biomimetic channels, the separation size 

range of isoporous membrane have been significantly expended, which represents new 

opportunities in application fields such as in hydrocarbon processing, food processing, antibiotics 

and biologics manufacturing, and gas separations.  

 

Author information 

Corresponding Authors 

Email: manish.kumar@utexas.edu and rjh64@psu.edu 

mailto:manish.kumar@utexas.edu
mailto:rjh64@psu.edu


18 
 

 

ORCID 

Chao Lang: 0000-0001-8212-4450 

Manish Kumar: 0000-0001-5545-3793 

Robert J. Hickey: 0000-0001-6808-7411 

 

Conflicts of interest 

The authors declare no competing financial interest. 

 

Acknowledgements  

The work was supported by the National Science Foundation through the DMREF program under 

grant number CMMI 2119717. MK acknowledges funding from the National Science Foundation 

(CBET 1946392) and the Defense Threat Reduction Agency (HDTRA12010005). 

 

References 

1. S. K. Ritter, Taking the heat off distillation. C&EN Global Enterprise 95, 18-21 (2017). 
2. D. S. Sholl, R. P. Lively, Seven chemical separations to change the world. Nature News 

532, 435-437 (2016). 
3. J. R. Werber, C. O. Osuji, M. Elimelech, Materials for next-generation desalination and 

water purification membranes. Nat. Rev. Mater. 1, 16018 (2016). 
4. H. B. Park, J. Kamcev, L. M. Robeson, M. Elimelech, B. D. Freeman, Maximizing the 

right stuff: The trade-off between membrane permeability and selectivity. Science 356, 
eaab0530 (2017). 

5. M. Elimelech, W. A. Phillip, The Future of Seawater Desalination: Energy, Technology, 
and the Environment. Science 333, 712-717 (2011). 

6. B. D. Freeman, Basis of Permeability/Selectivity Tradeoff Relations in Polymeric Gas 
Separation Membranes. Macromolecules 32, 375-380 (1999). 

7. L. M. Robeson, Correlation of separation factor versus permeability for polymeric 
membranes. J. Membr. Sci. 62, 165-185 (1991). 

8. A. L. Zydney, P. Aimar, M. Meireles, J. M. Pimbley, G. Belfort, Use of the log-normal 
probability density function to analyze membrane pore size distributions: functional forms 
and discrepancies. J. Membr. Sci. 91, 293-298 (1994). 

9. L. M. Robeson, The upper bound revisited. J. Membr. Sci. 320, 390-400 (2008). 



19 
 

10. S. P. Nunes, Block Copolymer Membranes for Aqueous Solution Applications. 
Macromolecules 49, 2905-2916 (2016). 

11. V. Abetz, Isoporous Block Copolymer Membranes. Macromol. Rapid Commun. 36, 10-22 
(2015). 

12. J. D. Moon, B. D. Freeman, C. J. Hawker, R. A. Segalman, Can Self-Assembly Address 
the Permeability/Selectivity Trade-Offs in Polymer Membranes? Macromolecules 53, 
5649-5654 (2020). 

13. N. Hampu, J. R. Werber, W. Y. Chan, E. C. Feinberg, M. A. Hillmyer, Next-Generation 
Ultrafiltration Membranes Enabled by Block Polymers. ACS Nano 14, 16446-16471 
(2020). 

14. Y. Zhang et al., Fit-for-purpose block polymer membranes molecularly engineered for 
water treatment. npj Clean Water 1, 2 (2018). 

15. S. P. Nunes et al., Switchable pH-Responsive Polymeric Membranes Prepared via Block 
Copolymer Micelle Assembly. ACS Nano 5, 3516-3522 (2011). 

16. M. Seo, M. A. Hillmyer, Reticulated Nanoporous Polymers by Controlled Polymerization-
Induced Microphase Separation. Science 336, 1422-1425 (2012). 

17. X. Feng et al., Scalable Fabrication of Polymer Membranes with Vertically Aligned 1 nm 
Pores by Magnetic Field Directed Self-Assembly. ACS Nano 8, 11977-11986 (2014). 

18. S. J. Lounder, A. Asatekin, Zwitterionic Ion-Selective Membranes with Tunable 
Subnanometer Pores and Excellent Fouling Resistance. Chemistry of Materials 33, 4408-
4416 (2021). 

19. C. Lang et al., Biomimetic Separation of Transport and Matrix Functions in Lamellar 
Block Copolymer Channel-Based Membranes. ACS Nano 13, 8292-8302 (2019). 

20. G. M. Geise, H. B. Park, A. C. Sagle, B. D. Freeman, J. E. McGrath, Water permeability 
and water/salt selectivity tradeoff in polymers for desalination. J. Membr. Sci. 369, 130-
138 (2011). 

21. A. Mehta, A. L. Zydney, Permeability and selectivity analysis for ultrafiltration 
membranes. J. Membr. Sci. 249, 245-249 (2005). 

22. G. M. Geise, M. A. Hickner, B. E. Logan, Ionic Resistance and Permselectivity Tradeoffs 
in Anion Exchange Membranes. ACS Appl. Mater. Interfaces 5, 10294-10301 (2013). 

23. F. S. Bates, G. Fredrickson, Block copolymers-designer soft materials. Phys. Today 52, 32-
38 (1999). 

24. F. S. Bates et al., Multiblock Polymers: Panacea or Pandora’s Box? Science 336, 434-440 
(2012). 

25. Y. Mai, A. Eisenberg, Self-assembly of block copolymers. Chem. Soc. Rev. 41, 5969-5985 
(2012). 

26. C. M. Bates, F. S. Bates, 50th Anniversary Perspective: Block Polymers—Pure Potential. 
Macromolecules 50, 3-22 (2017). 

27. T. Vidil, N. Hampu, M. A. Hillmyer, Nanoporous Thermosets with Percolating Pores from 
Block Polymers Chemically Fixed above the Order–Disorder Transition. ACS Central 
Science 3, 1114-1120 (2017). 

28. R. C. Hayward, D. J. Pochan, Tailored Assemblies of Block Copolymers in Solution: It Is 
All about the Process. Macromolecules 43, 3577-3584 (2010). 

29. C. Lang et al., Solvent-non-solvent rapid-injection for preparing nanostructured materials 
from micelles to hydrogels. Nat. Commun., 10:3855 (2019). 



20 
 

30. C. Lang, M. Kumar, R. J. Hickey, Influence of block sequence on the colloidal self-
assembly of poly(norbornene)-block-poly(ethylene oxide) amphiphilic block polymers 
using rapid injection processing. Polym. Chem. 11, 375-384 (2020). 

31. V. M. Torres, J. A. LaNasa, B. D. Vogt, R. J. Hickey, Controlling nanostructure and 
mechanical properties in triblock copolymer/monomer blends via reaction-induced phase 
transitions. Soft Matter 17, 1505-1512 (2021). 

32. E. S. Zofchak, J. A. LaNasa, W. Mei, R. J. Hickey, Polymerization-Induced Nanostructural 
Transitions Driven by In Situ Polymer Grafting. ACS Macro Lett. 7, 822-827 (2018). 

33. J. S. Lee, A. Hirao, S. Nakahama, Polymerization of monomers containing functional silyl 
groups. 5. Synthesis of new porous membranes with functional groups. Macromolecules 
21, 274-276 (1988). 

34. H. Hu, M. Gopinadhan, C. O. Osuji, Directed self-assembly of block copolymers: a tutorial 
review of strategies for enabling nanotechnology with soft matter. Soft Matter 10, 3867-
3889 (2014). 

35. M. J. Park, S. Kim, A. M. Minor, A. Hexemer, N. P. Balsara, Control of Domain 
Orientation in Block Copolymer Electrolyte Membranes at the Interface with Humid Air. 
Adv. Mater. 21, 203-208 (2009). 

36. S. Y. Yang et al., Nanoporous Membranes with Ultrahigh Selectivity and Flux for the 
Filtration of Viruses. Adv. Mater. 18, 709-712 (2006). 

37. W. A. Phillip, B. O’Neill, M. Rodwogin, M. A. Hillmyer, E. L. Cussler, Self-Assembled 
Block Copolymer Thin Films as Water Filtration Membranes. ACS Appl. Mater. Interfaces 
2, 847-853 (2010). 

38. A. S. Zalusky, R. Olayo-Valles, J. H. Wolf, M. A. Hillmyer, Ordered Nanoporous 
Polymers from Polystyrene−Polylactide Block Copolymers. J. Am. Chem. Soc. 124, 
12761-12773 (2002). 

39. W. A. Phillip, M. A. Hillmyer, E. L. Cussler, Cylinder Orientation Mechanism in Block 
Copolymer Thin Films Upon Solvent Evaporation. Macromolecules 43, 7763-7770 (2010). 

40. H. Xu, H. Xiao, C. J. Ellison, M. K. Mahanthappa, Flexible Nanoporous Materials by 
Matrix Removal from Cylinder-Forming Diblock Copolymers. Nano Lett. 21, 7587-7594 
(2021). 

41. L. Li et al., Gyroid Nanoporous Membranes with Tunable Permeability. ACS Nano 5, 
7754-7766 (2011). 

42. W. A. Phillip, J. Rzayev, M. A. Hillmyer, E. L. Cussler, Gas and water liquid transport 
through nanoporous block copolymer membranes. J. Membr. Sci. 286, 144-152 (2006). 

43. R. Ruiz et al., Density Multiplication and Improved Lithography by Directed Block 
Copolymer Assembly. Science 321, 936-939 (2008). 

44. K.-V. Peinemann, V. Abetz, P. F. W. Simon, Asymmetric superstructure formed in a block 
copolymer via phase separation. Nat. Mater. 6, 992-996 (2007). 

45. W. A. Phillip et al., Tuning Structure and Properties of Graded Triblock Terpolymer-Based 
Mesoporous and Hybrid Films. Nano Lett. 11, 2892-2900 (2011). 

46. R. M. Dorin et al., Designing block copolymer architectures for targeted membrane 
performance. Polymer 55, 347-353 (2014). 

47. Y. Zhang, R. A. Mulvenna, B. W. Boudouris, W. A. Phillip, Nanomanufacturing of high-
performance hollow fiber nanofiltration membranes by coating uniform block polymer 
films from solution. Journal of Materials Chemistry A 5, 3358-3370 (2017). 



21 
 

48. S. P. Nunes et al., Ultraporous Films with Uniform Nanochannels by Block Copolymer 
Micelles Assembly. Macromolecules 43, 8079-8085 (2010). 

49. D. S. Marques et al., Self-assembly in casting solutions of block copolymer membranes. 
Soft Matter 9, 5557-5564 (2013). 

50. S. Rangou et al., Self-organized isoporous membranes with tailored pore sizes. J. Membr. 
Sci. 451, 266-275 (2014). 

51. H. Yu, X. Qiu, S. P. Nunes, K.-V. Peinemann, Self-Assembled Isoporous Block 
Copolymer Membranes with Tuned Pore Sizes. Angew. Chem., Int. Ed. 53, 10072-10076 
(2014). 

52. H. Yu et al., Self-Assembled Asymmetric Block Copolymer Membranes: Bridging the Gap 
from Ultra- to Nanofiltration. Angew. Chem., Int. Ed. 54, 13937-13941 (2015). 

53. M. Karunakaran, S. P. Nunes, X. Qiu, H. Yu, K.-V. Peinemann, Isoporous PS-b-PEO 
ultrafiltration membranes via self-assembly and water-induced phase separation. J. Membr. 
Sci. 453, 471-477 (2014). 

54. J. Wang et al., Novel Post-Treatment Approaches to Tailor the Pore Size of PS-b-PHEMA 
Isoporous Membranes. Macromol. Rapid Commun. 39, 1800435 (2018). 

55. M. M. Pendergast, R. Mika Dorin, W. A. Phillip, U. Wiesner, E. M. V. Hoek, 
Understanding the structure and performance of self-assembled triblock terpolymer 
membranes. J. Membr. Sci. 444, 461-468 (2013). 

56. Y. Gu, U. Wiesner, Tailoring Pore Size of Graded Mesoporous Block Copolymer 
Membranes: Moving from Ultrafiltration toward Nanofiltration. Macromolecules 48, 
6153-6159 (2015). 

57. R. A. Mulvenna et al., Tunable nanoporous membranes with chemically-tailored pore walls 
from triblock polymer templates. J. Membr. Sci. 470, 246-256 (2014). 

58. M. Müller, V. Abetz, Nonequilibrium Processes in Polymer Membrane Formation: Theory 
and Experiment. Chem. Rev.,  (2021). 

59. G. G. Odian, Principles of polymerization.  (ed. 4th ed., 2004). 
60. G. H. Fredrickson, S. T. Milner, Thermodynamics of random copolymer melts. Phys. Rev. 

Lett. 67, 835-838 (1991). 
61. A. Nesarikar, M. O. d. l. Cruz, B. Crist, Phase transitions in random copolymers. J. Chem. 

Phys. 98, 7385-7397 (1993). 
62. R. H. Gee, L. E. Fried, R. C. Cook, Structure of Chlorotrifluoroethylene/Vinylidene 

Fluoride Random Copolymers and Homopolymers by Molecular Dynamics Simulations. 
Macromolecules 34, 3050-3059 (2001). 

63. A. Alsunaidi, B. F. Abu-Sharkh, Influence of monomer sequence on microstructure of 
nonadditive hard chain copolymers: Simulation and equation of state. J. Chem. Phys. 119, 
9894-9902 (2003). 

64. J. Houdayer, M. Müller, Phase Diagram of Random Copolymer Melts:  A Computer 
Simulation Study. Macromolecules 37, 4283-4295 (2004). 

65. A. A. Gavrilov, Y. V. Kudryavtsev, P. G. Khalatur, A. V. Chertovich, Microphase 
separation in regular and random сopolymer melts by DPD simulations. Chemical Physics 
Letters 503, 277-282 (2011). 

66. M. Z. Slimani, A. J. Moreno, G. Rossi, J. Colmenero, Dynamic Heterogeneity in Random 
and Gradient Copolymers: A Computational Investigation. Macromolecules 46, 5066-5079 
(2013). 



22 
 

67. P. Bengani-Lutz, E. Converse, P. Cebe, A. Asatekin, Self-Assembling Zwitterionic 
Copolymers as Membrane Selective Layers with Excellent Fouling Resistance: Effect of 
Zwitterion Chemistry. ACS Appl. Mater. Interfaces 9, 20859-20872 (2017). 

68. P. Bengani-Lutz, R. D. Zaf, P. Z. Culfaz-Emecen, A. Asatekin, Extremely fouling resistant 
zwitterionic copolymer membranes with ~ 1nm pore size for treating municipal, oily and 
textile wastewater streams. J. Membr. Sci. 543, 184-194 (2017). 

69. P. Kaner, A. V. Dudchenko, M. S. Mauter, A. Asatekin, Zwitterionic copolymer additive 
architecture affects membrane performance: fouling resistance and surface rearrangement 
in saline solutions. Journal of Materials Chemistry A 7, 4829-4846 (2019). 

70. S. J. Lounder, A. Asatekin, Interaction-based ion selectivity exhibited by self-assembled, 
cross-linked zwitterionic copolymer membranes. Proc. Natl. Acad. Sci. U. S. A. 118, 
e2022198118 (2021). 

71. M. T. Irwin et al., Structure–Conductivity Relationships in Ordered and Disordered Salt-
Doped Diblock Copolymer/Homopolymer Blends. Macromolecules 49, 6928-6939 
(2016). 

72. M. W. Schulze, L. D. McIntosh, M. A. Hillmyer, T. P. Lodge, High-Modulus, High-
Conductivity Nanostructured Polymer Electrolyte Membranes via Polymerization-Induced 
Phase Separation. Nano Lett. 14, 122-126 (2014). 

73. L. D. McIntosh, M. W. Schulze, M. T. Irwin, M. A. Hillmyer, T. P. Lodge, Evolution of 
Morphology, Modulus, and Conductivity in Polymer Electrolytes Prepared via 
Polymerization-Induced Phase Separation. Macromolecules 48, 1418-1428 (2015). 

74. M. Seo, S. Kim, J. Oh, S.-J. Kim, M. A. Hillmyer, Hierarchically Porous Polymers from 
Hyper-cross-linked Block Polymer Precursors. J. Am. Chem. Soc. 137, 600-603 (2015). 

75. N. Hampu, M. A. Hillmyer, Temporally Controlled Curing of Block Polymers in the 
Disordered State Using Thermally Stable Photoacid Generators for the Preparation of 
Nanoporous Membranes. ACS Applied Polymer Materials 1, 1148-1154 (2019). 

76. E. S. Zofchak, J. A. LaNasa, V. M. Torres, R. J. Hickey, Deciphering the Complex Phase 
Behavior during Polymerization-Induced Nanostructural Transitions of a Block 
Polymer/Monomer Blend. Macromolecules 53, 835-843 (2020). 

77. S. Ludwigs et al., Self-assembly of functional nanostructures from ABC triblock 
copolymers. Nat. Mater. 2, 744-747 (2003). 

78. F. S. Bates, G. H. Fredrickson, Block Copolymer Thermodynamics: Theory and 
Experiment. Annual Review of Physical Chemistry 41, 525-557 (1990). 

79. R. M. Dorin, H. Sai, U. Wiesner, Hierarchically Porous Materials from Block Copolymers. 
Chemistry of Materials 26, 339-347 (2014). 

80. A. Jung, S. Rangou, C. Abetz, V. Filiz, V. Abetz, Structure Formation of Integral 
Asymmetric Composite Membranes of Polystyrene-block-Poly(2-vinylpyridine) on a 
Nonwoven. Macromolecular Materials and Engineering 297, 790-798 (2012). 

81. A. Jung et al., Formation of Integral Asymmetric Membranes of AB Diblock and ABC 
Triblock Copolymers by Phase Inversion. Macromol. Rapid Commun. 34, 610-615 (2013). 

82. O. Dreyer, M.-L. Wu, M. Radjabian, C. Abetz, V. Abetz, Structure of Nonsolvent-
Quenched Block Copolymer Solutions after Exposure to Electric Fields during Solvent 
Evaporation. Advanced Materials Interfaces 6, 1900646 (2019). 

83. Y. Zhang, R. A. Mulvenna, S. Qu, B. W. Boudouris, W. A. Phillip, Block Polymer 
Membranes Functionalized with Nanoconfined Polyelectrolyte Brushes Achieve Sub-
Nanometer Selectivity. ACS Macro Lett. 6, 726-732 (2017). 



23 
 

84. C. Sinturel, F. S. Bates, M. A. Hillmyer, High χ–Low N Block Polymers: How Far Can 
We Go? ACS Macro Lett. 4, 1044-1050 (2015). 

85. Y. Matsushita et al., Molecular weight dependence of lamellar domain spacing of diblock 
copolymers in bulk. Macromolecules 23, 4313-4316 (1990). 

86. K. Kawasaki, T. Ohta, M. Kohrogui, Equilibrium morphology of block copolymer melts. 
2. Macromolecules 21, 2972-2980 (1988). 

87. E. Helfand, Block Copolymer Theory. III. Statistical Mechanics of the Microdomain 
Structure. Macromolecules 8, 552-556 (1975). 

88. X. Feng et al., Thin Polymer Films with Continuous Vertically Aligned 1 nm Pores 
Fabricated by Soft Confinement. ACS Nano 10, 150-158 (2016). 

89. X. Feng, K. Kawabata, G. Kaufman, M. Elimelech, C. O. Osuji, Highly Selective 
Vertically Aligned Nanopores in Sustainably Derived Polymer Membranes by Molecular 
Templating. ACS Nano 11, 3911-3921 (2017). 

90. X. Feng et al., Precise nanofiltration in a fouling-resistant self-assembled membrane with 
water-continuous transport pathways. Science Advances 5, eaav9308 (2019). 

91. M. Gopinadhan et al., Thermally Switchable Aligned Nanopores by Magnetic-Field 
Directed Self-Assembly of Block Copolymers. Adv. Mater. 26, 5148-5154 (2014). 

92. Y. Zhang et al., Rapid Fabrication by Lyotropic Self-Assembly of Thin Nanofiltration 
Membranes with Uniform 1 Nanometer Pores. ACS Nano 15, 8192-8203 (2021). 

93. Y.-M. Tu et al., Prospective applications of nanometer-scale pore size biomimetic and 
bioinspired membranes. J. Membr. Sci. 620, 118968 (2021). 

94. W. Song, C. Lang, Y.-x. Shen, M. Kumar, Design considerations for artificial water 
channel–based membranes. Annu. Rev. Mater. Res. 48, 57-82 (2018). 

95. Y.-x. Shen, P. O. Saboe, I. T. Sines, M. Erbakan, M. Kumar, Biomimetic membranes: A 
review. J. Membr. Sci. 454, 359-381 (2014). 

96. M. A. Shannon et al., Science and technology for water purification in the coming decades. 
Nature 452, 301-310 (2008). 

97. P. Agre, Aquaporin Water Channels (Nobel Lecture). Angew. Chem., Int. Ed. 43, 4278-
4290 (2004). 

98. B. L. de Groot, H. Grubmüller, Water Permeation Across Biological Membranes: 
Mechanism and Dynamics of Aquaporin-1 and GlpF. Science 294, 2353-2357 (2001). 

99. R. Chowdhury et al., PoreDesigner for tuning solute selectivity in a robust and highly 
permeable outer membrane pore. Nat. Commun. 9, 3661 (2018). 

100. S. Matile, A. Vargas Jentzsch, J. Montenegro, A. Fin, Recent synthetic transport systems. 
Chem. Soc. Rev. 40, 2453-2474 (2011). 

101. J. K. W. Chui, T. M. Fyles, Ionic conductance of synthetic channels: analysis, lessons, and 
recommendations. Chem. Soc. Rev. 41, 148-175 (2012). 

102. B. Gong, Z. Shao, Self-Assembling Organic Nanotubes with Precisely Defined, Sub-
nanometer Pores: Formation and Mass Transport Characteristics. Acc. Chem. Res. 46, 
2856-2866 (2013). 

103. W. Si, P. Xin, Z.-T. Li, J.-L. Hou, Tubular Unimolecular Transmembrane Channels: 
Construction Strategy and Transport Activities. Acc. Chem. Res. 48, 1612-1619 (2015). 

104. A. Roy et al., Foldamer-based ultrapermeable and highly selective artificial water channels 
that exclude protons. Nat. Nanotechnol.,  (2021). 

105. W. Song et al., Artificial water channels enable fast and selective water permeation through 
water-wire networks. Nat. Nanotechnol. 15, 73-79 (2020). 



24 
 

106. S. Howorka, Building membrane nanopores. Nat. Nanotechnol. 12, 619-630 (2017). 
107. T. Jiang et al., Single-chain heteropolymers transport protons selectively and rapidly. 

Nature 577, 216-220 (2020). 
108. I. Tabushi, Y. Kuroda, K. Yokota, A,B,D,F-tetrasubstituted β-cyclodextrin as artificial 

channel compound. Tetrahedron Letters 23, 4601-4604 (1982). 
109. X.-B. Hu, Z. Chen, G. Tang, J.-L. Hou, Z.-T. Li, Single-Molecular Artificial 

Transmembrane Water Channels. J. Am. Chem. Soc. 134, 8384-8387 (2012). 
110. M. Barboiu, A. Gilles, From Natural to Bioassisted and Biomimetic Artificial Water 

Channel Systems. Acc. Chem. Res. 46, 2814-2823 (2013). 
111. Y. D. Yuan et al., Porous organic cages as synthetic water channels. Nat. Commun. 11, 

4927 (2020). 
112. H. Zhao, S. Sheng, Y. Hong, H. Zeng, Proton Gradient-Induced Water Transport Mediated 

by Water Wires Inside Narrow Aquapores of Aquafoldamer Molecules. J. Am. Chem. Soc. 
136, 14270-14276 (2014). 

113. X. Zhou et al., Self-assembling subnanometer pores with unusual mass-transport 
properties. Nat. Commun. 3, 949 (2012). 

114. A. Gilles, M. Barboiu, Highly Selective Artificial K+ Channels: An Example of 
Selectivity-Induced Transmembrane Potential. J. Am. Chem. Soc. 138, 426-432 (2016). 

115. C. Lang et al., Biomimetic transmembrane channels with high stability and transporting 
efficiency from helically folded macromolecules. Angew. Chem., Int. Ed. 55, 9723-9727 
(2016). 

116. C. Lang et al., Highly Selective Artificial Potassium Ion Channels Constructed from Pore-
Containing Helical Oligomers. Angew. Chem., Int. Ed. 56, 12668-12671 (2017). 

117. D. P. August et al., Transmembrane Ion Channels Formed by a Star of David [2]Catenane 
and a Molecular Pentafoil Knot. J. Am. Chem. Soc. 142, 18859-18865 (2020). 

118. K. A. Muraglia et al., Small-molecule ion channels increase host defences in cystic fibrosis 
airway epithelia. Nature 567, 405-408 (2019). 

119. L. Chen et al., Chiral Selective Transmembrane Transport of Amino Acids through 
Artificial Channels. J. Am. Chem. Soc. 135, 2152-2155 (2013). 

120. C. Zhang et al., Helical supramolecular polymer nanotubes with wide lumen for glucose 
transport: towards the development of functional membrane-spanning channels. Chem. Sci. 
10, 8648-8653 (2019). 

121. J. Geng et al., Stochastic transport through carbon nanotubes in lipid bilayers and live cell 
membranes. Nature 514, 612-615 (2014). 

122. P. Ketterer et al., DNA origami scaffold for studying intrinsically disordered proteins of 
the nuclear pore complex. Nat. Commun. 9, 902 (2018). 

123. J. F. Nagle, H. J. Morowitz, Molecular mechanisms for proton transport in membranes. 
Proc. Natl. Acad. Sci. U. S. A. 75, 298-302 (1978). 

124. T. Xu et al., Subnanometer Porous Thin Films by the Co-assembly of Nanotube Subunits 
and Block Copolymers. ACS Nano 5, 1376-1384 (2011). 

125. H. Wang et al., Highly Permeable and Selective Pore-Spanning Biomimetic Membrane 
Embedded with Aquaporin Z. Small 8, 1185-1190 (2012). 

126. C. Tang, Z. Wang, I. Petrinić, A. G. Fane, C. Hélix-Nielsen, Biomimetic aquaporin 
membranes coming of age. Desalination 368, 89-105 (2015). 

127. M. Di Vincenzo et al., Biomimetic artificial water channel membranes for enhanced 
desalination. Nat. Nanotechnol. 16, 190-196 (2021). 



25 
 

128. C. Lang et al., Creating Cross-Linked Lamellar Block Copolymer Supporting Layers for 
Biomimetic Membranes. Faraday Discuss. 209, 179-191 (2018). 

129. W. Song et al., Unique selectivity trends of highly permeable PAP[5] water channel 
membranes. Faraday Discuss. 209, 193-204 (2018). 

130. Y.-x. Shen et al., Achieving high permeability and enhanced selectivity for Angstrom-scale 
separations using artificial water channel membranes. Nat. Commun. 9:2294,  (2018). 

131. Y.-M. Tu et al., Rapid fabrication of precise high-throughput filters from membrane 
protein nanosheets. Nat. Mater. 19, 347-354 (2020). 

132. M. Kumar, J. E. O. Habel, Y.-x. Shen, W. P. Meier, T. Walz, High-Density Reconstitution 
of Functional Water Channels into Vesicular and Planar Block Copolymer Membranes. J. 
Am. Chem. Soc. 134, 18631-18637 (2012). 

133. Y.-x. Shen et al., Highly permeable artificial water channels that can self-assemble into 
two-dimensional arrays. Proc. Natl. Acad. Sci. U. S. A. 112, 9810-9815 (2015). 

134. A. P. Straub, A. Deshmukh, M. Elimelech, Pressure-retarded osmosis for power generation 
from salinity gradients: is it viable? Energy & Environmental Science 9, 31-48 (2016). 

 

  



26 
 

Bios 

Chao Lang earned his BS degree in Chemistry (2011), and Ph.D. 
degree in Polymer Chemistry and Physics at Jilin University (2016), 
studying artificial ion channels and transporters. His postdoc research 
topics at Penn State include channel-based membranes and block 
copolymer self-assembly. In 2021, Chao started his independent 
academic career in School of Molecular Science and Engineering at 
South China University of Technology. Taking inspiration from 
nature, the Lang group focuses on developing artificial channels, 
biomimetic membranes, and self-assembled soft matters. 

 

 

 

Manish Kumar is currently an Associate Professor in the Department 
of Civil, Architectural and Environmental Engineering at the 
University of Texas at Austin. He received his B.Tech. in Chemical 
Engineering at the National Institute of Technology, Trichy, India in 
Chemical Engineering (1998) and M.S. (2000) and Ph.D. (2010) in 
Environmental Engineering at the University of Illinois. He was a 
postdoctoral researcher at the Harvard Medical School before starting 
his independent academic career at Penn State in 2011. The Kumar 
group works on bioinspired ideas for developing separation 
membranes and their investigations span scales from the molecular (for 

e.g. structures of aquaporins and aquaporin-like artificial channels) to the plant scale (omics of 
biofouling in large scale desalination plants). Manish has been awarded the NSF CAREER Award. 
 

 

 

Robert J. Hickey is currently an Assistant Professor in the Department 
of Materials Science and Engineering at The Pennsylvania State 
University. He received his B.S. and Ph.D. in Chemistry at Widener 
University (2007) and the University of Pennsylvania (2013), 
respectively. Before starting at Penn State in 2016, he was a 
postdoctoral researcher at the University of Minnesota. The Hickey 
group investigates equilibrium and non-equilibrium chemical and self-
assembly methods to create functional, multiscale polymeric materials. 
As an assistant professor, Robert has been awarded the Air Force 

Office of Scientific Research Young Investigator Prize and the NSF CAREER Award. 
 


