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ABSTRACT 

Aquaporins(AQPs) are naturally occurring water channel proteins, which can facilitate water 

molecule translocation across cellular membranes with exceptional selectivity and high 

permeability that are unmatched in synthetic membrane systems. This unique property of 

AQPs has led to their use as functional elements in membranes in recent years. However, the 

intricate nature of AQPs, and concerns regarding their stability and processability has 

encouraged researchers to develop synthetic channels that mimic the structure and properties 

of AQPs and other biological water conducting channels. These channels have been termed 

artificial water channels. This article reviews current progress, provides a historical 

perspective and an outlook towards developing scalable membranes based on artificial water 

channels. 
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1. INTRODUCTION 

Synthetic membranes have assumed a central role in the area of separation of molecules and 

particles in recent years. Large-scale applications currently include water purification and 

recycling, biopharmaceutical manufacturing, food and dairy applications (1-4). Proposed uses 

can be extended to specific gas and small molecule separations that in many cases could 

reduce the energy burden of phase changes based on distillation (2, 5, 6). As an example, for 

desalination, although both thermal technologies (such as multi-stage flash distillation) and 

membrane-based technologies have been implemented, membrane-based technologies are 

becoming the dominant technology in recent years.  This is due to the structural simplicity 

(compact and modular), low energy consumption, and low chemicals usage (5, 7-9) of 

membrane technologies. However, despite these advantages, the most challenging separations 

for membranes have been at the Angstrom scale where separations for ions, gases, and small 

molecules occur. In this size range, polymeric membranes that perform well in other size 

ranges suffer more from the challenge of the permeability-selectivity trade-off, i.e. reduced 

selectivity at high permeability and vice versa. Polymeric membranes used for such 

separations are considered non-porous with no straight through pores or channels, instead 

chemical species travel through the polymers by first dissolving and then diffusing through 

the polymers. The permeability-selectivity trade-off observed originates from this solution-

diffusion transport (10) occurring through free volume elements of variable sizes and reflect 

the non-ideality of current membranes that lack well defined pore sizes (5). 

In contrast to synthetic membranes, biological membranes that are responsible for transport 

of water and exclusion of Angstrom-scale solutes in cells have high permeability while 

maintaining high selectivity (11). This combination of permeability and selectivity is 

primarily due to the presence of specialized membrane proteins that mediate transport across 
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cell membranes. These membrane proteins have an ideal monodisperse pore size and 

additional mechanisms such as charge based exclusion as well as specific binding. An 

excellent example of a highly selective but permeable membrane protein is the class of water 

channel proteins known as aquaporins (AQPs) (12, 13). Classical AQPs are only permeable 

to water while excluding all solutes (including ions and protons) while maintaining a high 

permeability of 109 H2O molecules/s/channel. It has an hour glass pore profile with a narrow 

constriction of ~ 3Å that prevents solutes from entering the pore. It also has a highly charged 

arginine residue towards the entrance of the pore and a set of conserved residues in the 

central part of the pore that “flips” the orientation of any passing water molecule through a 

series of hydrogen bonding steps (13). This reorientation leads to an interruption of the 

proton wire and decouples water transport from proton transport, thus completely inhibiting 

protons from crossing the membrane through the channel (13, 14). Due to its unique transport 

properties, AQPs have been incorporated into membrane matrices for applications in 

desalination and water purification (11). However, high costs, difficulties in fabrication, and 

low stability associated with membrane protein-based materials have hampered the large-

scale applications of AQP-based membranes (11, 15). 

An alternative to synthesizing high performance membranes based on AQPs and other 

membrane proteins is the use of synthetic mimics of these biological channels. In particular, 

synthetic channels created using organic chemistry that mimic the structures and functions of 

AQPs and other water conducting biological channels have emerged and come to be known 

as artificial water channels (16, 17). These channels provide several advantages over 

biological channels, particularly when fabrication of scalable membranes for applications is 

considered. They can be synthesized using simple chemical techniques and dissolved in 

solvents to allow for large-scale conventional processing of membranes as currently practiced. 

They can also be functionalized using a host of techniques allowing for further enhancements 
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in selectivity while maintaining permeability (18-21). There has been a large interest in recent 

years in developing membrane materials based on these artificial water channels (16, 17). 

This review specifically aims to describe the progress and prospects for developing 

separation membranes around artificial water channels. The early sections introduce the 

synthesis, structure, and properties of currently known artificial water channels; and later 

sections describe the characteristics of ideal water channels for development into membranes. 

The final sections shed light on the design considerations for membrane fabrication around 

artificial water channels, which is followed by a few possible designs that are evident based 

on currently used designs for AQP-based membranes and our own work.  

2. ARTIFICIAL WATER CHANNELS 

Artificial water channel based membrane research aims to emulate biological membrane 

components with practical synthetic models while maintaining their outstanding molecular 

separation properties. Artificial water channels currently being researched can be classified 

into two main types: self-assembling channels and unimolecular channels(16, 22). In this 

section, we review synthetic water channels, considering their design strategies and resultant 

transport properties. 

2.1. Self-assembling channels 

Dendritic dipeptide pores 

Dendritic dipeptide aquapores are among the first known successful synthetic water channels. 

They were proposed by Percec and coworkers in early 2000s (Figure 1, 1A) (23, 24)and 

included a library of amphiphilic dendritic dipeptides, which can self-assemble into helical 

columnar structures with internal open pores of 12.8 ± 1.2Å (Figure 2b). The structural 

integrity of these helical pores was ensured by successful hydrogen bond (H bond) formation 
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between dipeptide dendrons. Therefore, these dendritic monomers could assemble into 

integral pore conformations only in non-polarized H bond free media, including cyclohexane 

or the aliphatic (hydrophobic) compartment of lipid bilayers, rather than in polarized solvents 

including chloroform (CHCl3), dichloromethane (CH2Cl2) or tetrahydrofuran (THF). Water 

transport abilities of these first artificial water channels were successfully demonstrated 

experimentally by reconstituting the channels into vesicular lipid bilayers (liposomes) and 

monitoring the translocation of protons acrosslipid bilayers via pH sensitive fluorescent dyes. 

These dendritic pores showed proton permeability comparable to the gramicidin A (gA) 

biological proton channel, a well-characterized membrane protein(25-27). Also, since proton 

transport is known to be accompanied by water transport, this result strongly indicated that 

the dipeptide pores can mediate water transport across lipid bilayers(28). 

Even though the dipeptide pores showed remarkable progress as a‘primitive mimic of AQPs’, 

they suffered from low thermal stability due to dynamic equilibrium states of dendron 

monomers between trans and gauche conformers at around 22 °C (23). Later, to overcome 

this thermal instability, the benzyl ether moiety of dendrons was replaced by naphthyl groups 

which were located at the periphery of helical pores to induce π-π stacking interactions so 

that the entire structure could be stabilized (Figure 1, 1B) (24). In the bulk state, these 

modified aquapores showed slightly enlarged pore diameters of 14.5± 1.5Å compared to the 

unmodified pores (Figure 2b), with enhanced thermal stability from 20 °C to 40 °C and, as a 

result, improved incorporation efficiency into lipid bilayers. Thermally stabilized dendritic 

aqua pores showed selective water and proton transport over Li+, Na+ and Cl- monovalent 

ions which was attributed to hydrophobic effect near the channel entrance rather than steric 

hindrance. 

Imidazole quartet channels 
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Influenza A M2 proton channels are model membrane proteins, which facilitate water and 

proton diffusion through water-filled pores. The transport characteristics of M2 proton 

channels have been related specifically to the imidazole quartet motif in the histidine quartet 

selectivity filter(29-33). Inspired by this structure, Barboiu and coworkers synthesized 

imidazole-quartet (I-quartet) channels (19, 34). They designed ureido imidazole compounds 

and demonstrated that these compounds can be crystalized into bulk states as well as self-

assembled into transmembrane pore structures in lipid bilayers, forming dipolar water wire 

arrays inside the tubular imidazole architectures (Figure 2). These water-filled pores have an 

inner diameter of 2.6 Å and are stabilized by continuous and repetitive H-bonds between 

water molecules and imidazole moieties. These regular water arrays enable continuous water 

and proton conduction throughout the pores but reject other ions. From the structural 

perspective, a characteristic feature of I-quartet channels is that the entire conformation 

assembled within dynamic lipid bilayers could be affected by differences in the alkyl chains 

which are grafted onto the I-quartets, resulting in significant transport performance 

differences (Figure 2b). For example, as the length of alkyl chains increased, the water 

conduction rates increased substantially due to hydrophobic stabilization effects at the 

interface between imidazole and aliphatic compartment of the lipid bilayer. In addition, I-

quartet channels showed different permeabilities depending on the chirality of the alkyl 

chains. It is hypothesized that naturally existing L-lipids are more compatible for specific 

chiral conformation in stabilizing the entire channel structure and a specific orientation of 

water wire arrays that leads to enhanced conduction. For the most optimal I-quartet channels 

(Figure 2h, S-HC8), single channel water permeability was calculated at ~ 1.5 ×106 H2O 

molecules/s/channel, which is only two orders lower than that of the classical mammalian 

AQP, AQP-1. Single channel proton conduction rate was ~ 5 H+ molecules/s/channel which 

is ~50 % of the M2 proton channel transport rate. The I-quartet system is the first class of 
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synthetic water channels, which can reject all ions but mediate water and proton conduction. 

This property is explained by its restricted pore structure, which is compatible with water 

molecules (2.7Å), suggesting that ~ 3 Å is critical pore diameter for the future desalination 

applications of artificial channel based membranes. 

Triazole channels 

Gramicidin-A (gA) is another archetype of membrane proteinsthat demonstrates efficient 

water, proton, and ion conduction through biological membranes(25-27). As a primitive 

mimic of gA, synthetic triazole channels (T-channels), which are formed by assembly of the 

super structure of bola-amphiphile-triazole compounds (TCT), were proposed(Figure 

3)(35).T-channels have many characteristic features comparable with gA in terms of pore 

diameter, conduction rates and ion selectivity. The crystal structure of T-channels showed, on 

average, 5Å diameter pores which are made of a TCT double helix and stabilized by 

intermolecular H bonds (Figure 3b).The pores form hourglass shapes via repeated tight (d = 

2.5 Å) and large (4 Å) free void openings, encapsulating inversely oriented four dipolar water 

wires that are stabilized by H bonds between both of neighboring water molecules and inner 

walls of the TCT complex (Figure 3c).In terms of cation conduction rates, conventional ion 

channels have been known to follow the Eisenman sequence I (Li+< Na+< K+<Rb+< Cs+) 

which is attributed to the dehydration energy penalty of fully hydrated cations in water and, 

therefore, has a linear relationship between hydration energy and conduction rates (Figure 

3d)(36). However, interestingly, T-channels showed an abrupt conduction rate increase 

between Rb+ and Cs+, having single order exponential behavior in cation conduction rates 

(Li+< Na+< K+<Rb+<< Cs+) (Figure 3d).To elucidate this exceptional trend, Monte Carlo 

simulation was introduced and the simulation results revealed that the inner surface of the 

channels are highly hydrated with four continuous water wires and these steric water wire 
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conformations work as a sort of lubricant for small cations such as Cs+, by hindering direct 

interactions between cations and inner surface of the channels, enhancing their conduction 

rates. In terms of anion conduction rates, T-channels showed two orders lower transport rates 

for Cl- compared to Na+, because the dipolar distribution of aligned water molecules is more 

favorable for dehydrating cations rather than anions. 

Hexa(m-phenylene ethynylene) channels 

Planar macrocycles have been regarded as promising building blocks to construct columnar 

nanopores that are less than 2 nm in diameter with a straight forward strategy of stacking 

them co-axially (37). Similar to this concept, several macrocycles, based on arylene 

ethynylene (38-40), aryl amide and hydrazide (41) backbones have been proposed as 

excellent candidates, but achieving satisfactory self-assembled structures in terms of 

uniformity, rigidity and practical performance has been challenging (42). Gong et al. have 

introduced a series of macrocycles which share a core structure of hexa(m-phenylene 

ethynylene) (m-PE) (Figure 4a) (42). They demonstrated that m-PE macrocycles can be 

efficiently stacked into columnar structures in solid state and solvent phases as well as in 

lipid bilayers (Figure 4b -d). Especially inside lipid bilayers, about 9 to 10 m-PE based 

macrocycles were stacked and stabilized by H bonds as well as π-π stacking interactions to 

form tubular nanopores. This number was in reasonable agreement with the thickness of lipid 

bilayers (~4 nm) since each π-π stacking distance was estimated to be ~3.6 Å. This self-

assembled nanotube showed an inner pore diameter of 6.4 Å with outer diameter of ~3.7 nm. 

Also, m-PE incorporated vesicular membranes showed substantial water conductance rate 

along with the inner pores with approximately 22 % efficiency of AQP-1 incorporated 

liposomes, even though the single channel permeability is still not clear. In terms of ion 

selectivity, a significantly higher ratio between H+ to Cl- was observed (P!!/P!"!= 3000) 
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than that of natural influenza M2 proton channel (P!!/P!"!= 19.7) (43). Additionally, no 

significant Na+ and Li+ ion conduction was detected, implying that the energy cost for 

dehydration is also important in mediating ion conduction as seen in the case of the T-

channels (35).The distinctive feature of m-PE channel is that they are amenable to structural 

decorations via chemical ligand modifications. For example, inside the pore, the aromatic 

protons could be replaced with methyl groups (Figure 4a, 2C) and this resulted in reduced 

proton conduction rate due to steric hinderance. Also, the outer most alkyl chains could be 

extended from -C4H9 to -C8H17 (Figure 4a, 2B) without any conformational disruption of 

columnar pores (Figure 4c and d). 

Aquafoldamers 

A class of macro folding molecules (foldamers) are known to have specialized properties 

with regard to selective molecular recognition (44-59). These distinctive properties inspired 

Zeng and coworkers to design pyridine based foldamers (Figure 5, pentamer 3), which have 

high affinity to capture water molecules and to build up stacked tubular pores as mimics of 

AQPs, which they named ‘aquafoldamers’ or ‘aquapores’(60, 61). After years of 

investigation, they revealed that pentamer 3 has a helical 3D structure with 2.8-Å central 

columnar cavity which is very comparable with AQP’s narrowest region. To efficiently build 

up this foldamer in a one dimensional manner, they attempted several design strategies 

including changing pyridine repeat numbers (pentamer and hexamer) and introducing 

different ‘sticky ends’ (flexible carboxyl benzeneand rigid phenyl ring) at both ends of 

foldamers to elongate the helical structure, and concludedthat pentameric foldamer 4 wasthe 

most promising structure for application as a synthetic water channel (60). This pentamer 4 is 

composed of two sticky ends, one is an ester and another is rigid phenyl ring, which can 

intermolecularly interact with each other by H bonds and elongate the overall helical 
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structure for spanning the lipid bilayer (Figure 5a).Consequently, this foldamer could be 

assembled into chiral and helical transmembrane pores encapsulating two water molecules 

per repeating helical unit, as expected in crystal structure of un-assembled pentamer 3 and 4 

(Figure 5b and 5c). The driving force to stabilize the entire pore structure is aromatic stacking 

of pyridine monomers. In addition, mutual interactions between sticky ends and synergistic 

hydrogen bonds of trapped water wires contributed to maintaining1D columnar stacks 

(Figure 5d). Inside the lipid bilayer, these aquapores showed substantial proton conduction 

across the bilayer membranes when higher proton concentration was imposed at the one side 

of membranes (specific values were not reported). Interestingly, the proton diffusion driven 

by concentration gradient drove water molecule translocation at the same time. This ‘proton 

gradient-induced water transport’ is a strong and empirical evidence of 1D water wire 

formation inside the aquapores crossing the lipid bilayers. 

Triarylamine channels 

Triarylamine-based synthetic water channels were initially derived from attempts to design 

synthetic ion channels that mimicked potassium channel (KcsA) proteins (62). Together with 

the fact that 1) triarylamines with amide substitution are capable of self-assembly into 

nanoarchitectures like rods (63, 64), fibers(65-68), and spheres (69, 70), and 2) crown-ethers 

can recognize ions selectively(71-77), crown-ethers were introduced into amide-substituted 

triarylamine backbones to form columnar synthetic ion channels (Figure 6a, compound 

5A)(62). The compound 5A was successfully demonstrated as cation channels but failed to 

mediate water conduction. Instead, compound 6A was synthesized to contain free carboxylic 

acids, which could interact with water molecules through H bonds. As a result, when the 

compound 6A were reconstituted into lipid bilayers, it showed ~25% enhanced water 

permeability over 5A, implying compounds 6A could mediate water molecule translocation. 
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To rationlize these proposed phenomena, the crystal structures of compound 5B and 6B were 

invoked as structural analogues since compound 5A and 6A itself could not be crystallized 

(Figure 6c).These structures systemically indicated that, in all cases, triarylamine backbones 

act as core stacking materials to construct columnar structures, which agrees withprevious 

reports of triarylamine based nanoarchitectures. It was hypothesized that triarylamines with 

free carboxylic acid and long alkyl chains (compound 6A) could be stacked into two-

dimensional matrices, providing preferred pathways for water molecules to diffuse across the 

lipid bilayers. However, detailed studies are required to specifically determine the water 

transport properties of triarylamine-based synthetic water channels. 

2.2. Unimolecular transmembrane channels 

2.2.1. Pillar-arene based synthetic water channels 

Recent progress in a new class of cyclic macromolecules, pillararenes, has opened a new 

chapter in the area of artificial water channels with the introduction of single molecule (or 

unimolecular) transmembrane channels(21, 22, 78-81). Distinctive characteristics of 

pillararenes, which have hollow-pillar shapes and feasibility of chemical modifications based 

on versatile aromatic hydroxyl groups, have inspired supramolecular chemists to synthesize 

channel-like tubular architectures with high aspect ratios and restricted pore sizes by 

extending side chains on pillararene templates. This intuitive strategy has been demonstrated 

as a promising candidate in designing efficient single molecular water channel systems (22). 

Hydrazide-appended pillar[5]arene 

Hydrazide-appended pillar[5]arenes (HAPs)were the first successful unimolecular artificial 

water channels, proposed by Hou and coworkers (81).The first evidence of HAP acting as 

water channels was the fact that a continuous 1D water wire could beformed inside the 
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pillar[5]arene derivative7A(Figure 7a) (80, 82). Enlightened by this observation, a series of 

hydrazide chain appended pillar[5]arenes were prepared (Figure 7b). Each structure was 

clearly defined as having intramolecular hydrogen bonds between hydrazide side chains, 

forming intact tubular structures. Interestingly, the crystal structure of 7B revealed that the 

water wires are truncated at the middle of channels due to adjacent H bond donors coming 

from hydrazide backbones (Figure 7c).Consequently, since the continuous water wire is a key 

requirement for proton diffusion (28), HAP was expected to completely reject proton 

diffusion. This was subsequently demonstrated by experiments and the mechanism is found 

to be similar to that in AQP water channels (13, 83). From this point of view, the HAP 

channel can be regarded as first mimic of AQPs, which demonstrates aquaporin’s water 

conduction (though the rate is orders of magnitude lower) while excluding protons in an 

artificial system. Nonetheless, the repeating hydrophilic hydrazide groups significantly 

hindered efficient water permeability of HAP channel due to hydrophilic interactions 

between water molecules and channel’sinner surfaces. The single channel water permeability 

was estimated as approximately 40 H2O molecules/s/channel for channel structure 7C whose 

length (5 nm) was reasonably matched with the thickness of lipid bilayers (~4nm) (22). 

Peptide-appended pillar[5]arene 

As a next version of pillar[5]arenebased artificial water channels,hydrophobic tripeptide 

chains of phenylalanine (Phe) isomers were introduced on pillar[5]arene backbones and 

termed peptide-appended pillar[5]arene channels(PAP[5]). In this version, peptide chains 

were used as replacements of hydrazine chains in the original HAP channels (Figure 8a) (79, 

81). The channel structure of PAP[5] was extensively examined by concentration-titrated H-

NMR, two-dimensional correlation spectroscopy and rotating-frame Overhauser effect 

spectroscopy, and it was demonstrated that the entire structure can be stabilized by 
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intramolecular H bonds between peptide chains, similar to that in HAP channels. In addition, 

all the phenyl groups of peptide chains were shown to face outward towards the hydrophobic 

core of the lipid bilayer, enhancing the stability of channels within hydrophobic bilayer 

regions. Molecular transport studies of PAP[5] channels in lipid membranes was conducted 

by Shen et al .through experiments and molecular dynamics (MD) simulations (21). PAP[5] 

was shown to have a single channel permeability of 3.5 ×108H2Omolecules/s/channel which 

is in the range of aquaporins (3.4 – 40.3 × 108 for AQP0 and AQP1 proteins, respectively at 

the two ends of the range), suggesting continuous and efficient water wire formation along 

withinthe inner environment of the channels. Together with these experimental results, MD 

simulations provided an understanding of molecular transport within the PAP[5] channel. 

Interestingly, during water diffusion, as observed in MD simulations, the channel pores 

suffered from wetting-dewetting transitions due to dynamic fluctuations of peptide chains, 

preventing continuous water diffusion over extended periods of time. Nonetheless, PAP[5] is 

known to have highest demonstrated single channel water permeability among artificial 

channel systems except for carbon nanotube porins (CNTPs) (84). However, PAP[5] showed 

compromised selectivity compared to the other systems. For example, even though PAP[5] 

showed the ion selective trend of Cl-< Li+< Na+< K+<Rb+< Cs+< NH4
+which is corresponding 

with the Eisenman sequence I, the molecular weight cut-off was determined to be ~420 Da. 

This is attributed to the pore size of pillar[5]arene(~ 5Å)with an excellent agreement with a 

previous hypothesis that 3Å is critical pore diameter for efficient ion rejection(19). 

2.2.2. Carbon nanotube porins 

Hagen-Poiseuille flow is the classical model of Newtonian fluid flow, which is generally 

represented by water, flowing through long cylindrical pipe. This model has also provided a 

rationale for understanding transport behavior of such fluids flowing through porous 
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membranes but does not explain transport properties of nanometer or Angstrom scale flows 

(85, 86). In early 2000s, it was reported that water molecules can flow orders of magnitude 

faster inside hydrophobic nanotubes than that calculated from the Hagen-Poiseuille flow 

model (87-90). Since then, carbon nanotubes have been steadily highlighted as next 

generation materials for energy efficient water purification (88, 91-93). Recently,narrow 8Å-

diameter-carbon nanotube porins (nCNTPs) were found to have single porin water 

permeability of 2.27±0.47×1010H2O molecules/s/channel (84). This is first demonstration of 

an artificial channel system exceeding the AQP-1 in terms of water permeability, which has 

been firmly regarded as criterion for ideal water channel systems (Figure 9a). Compared to 

nCNTPs, wider 15Å-diameter-carbon nanotube porins (wCNTPs) showed an order of 

magnitude reduced water permeability (1.97 ± 0.43 × 109 H2O molecules/s/channel). This 

was explained by invoking the water molecule confinement effects of nCNTPs via MD 

simulations and corresponding experimental results. Contrary to wCNTPs in which water 

molecules exist as bulk state, nCNTPs can sterically confine them into single file water wires 

(Figure 9 b and c). Since bulk state water molecules typically have higher number of H bonds 

(3.9 on average) than single file water molecules (1.8 on average), less confined water 

resulted in a higher energy barrier for water transport. In addition, the entirely hydrophobic 

inner surface of nCNTPsenabled it to have about 6-fold increased water permeability than 

AQP-1, indicating that important directions for designing artificial water channels in the 

future should include; 1) hydrophobic inner surface and 2) single water wire formation. 

3. SYNTHESIS ROUTES FOR ARTIFICIAL WATER CHANNELS 

To fabricate practical channel based membranes, cost and process efficient artificial channel 

synthesis is required. However, due to the diversity and complexity of each artificial channel 

structure, no standardized synthetic method has been firmly established, even though it has 
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been several decades since the first artificial channel was reported (94). However,it is 

important to consider synthesis routes from the perspective of macro-scale membrane 

fabrication leading to desired routes with simple synthetic steps. A brief summary of 

synthesis techniques is provided in the supporting information. Overall, the synthesis of self-

assembling channels are simpler and require less number of steps than unimolecular channels, 

which provide other advantages in terms of stability and processibility. 

4. IDEAL DESIGN OF WATER CHANNELS 

Artificial water channels should ideally have high permeability for water while providing 

selective removal of targeted Angstrom-sized solutes. In this section we discuss properties 

that can be considered to be those of ideal water channels with removal of solutes primarily 

based on size. Inspiration and concepts for high performance artificial water channels are 

based on understanding of water transport in biological and current artificial water channels 

and the self-assembly behavior in various bilayer and bilayer-like matrices. The important 

properties for design of high performance artificial water channels are summarized in Figure 

10 and current artificial channels are classified according to their performance in each 

category in Table 1. 

Aquaporin like permeability 

Since artificial water channels are inspired by aquaporins, the permeability of aquaporins of ~ 

109 H2O molecules/s/channel is an important benchmark for artificial channels to be 

compared against. It is thus important for channel characterization methods to obtain single 

channel permeability that is comparable to those that have been obtained for aquaporins and 

some artificial water channels (21, 95). 

Usable cross-sectional area 
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A singular disadvantage of aquaporins in membrane materials is the low available usable 

cross-sectional area of aquaporins with a protein diameter of ~ 30 Å and a pore diameter of 

~3 Å. Thus, even if aquaporins are packed tightly into two dimensional crystals in lipids or 

amphiphilic block copolymers (BCPs) with a unit cell size of ~ 95 x 95 Å square per tetramer, 

the effective porosity of such a membrane is still only ~0.3% (96). Artificial channels that 

have a high usable cross-sectional area thus provide an opportunity to take advantage of the 

high permeability properties inspired by AQPs but avoid its disadvantage of low effective 

cross-sectional area. 

Hydrophobic outer surfaces 

Artificial water channels are, in general, designed to be inserted in lipid bilayer membranes or 

their synthetic polymer analogs, amphiphilic BCP membranes. Thus, for stable insertion into 

such membranes, the outer surface of these channels has to be compatible with the 

hydrophobic interior or core of the lipid bilayer or the hydrophobic block of the BCP used. 

While just being hydrophobic has been considered to be sufficient in the past, the increasing 

variety of membrane substrates has focused attention on the hydrophobic chemical 

compatibility between the membrane facing surface of both biological and artificial channels 

and the hydrophobic core of the membrane (97). We propose that the hydrophobicity of the 

membrane-facing surface of the channel should be similar in hydrophobicity to the molecules 

forming the hydrophobic core of the membrane and have developed a fluorescence based 

assay to test this compatibility (97). However, a predictive understanding of such 

compatibility based on known compositions of the outer surface of channels and membranes 

is still lacking and a need in the field of artificial water channels specifically and channel-

based biomimetic and bioinspired membranes in general.    

Hydrophobic interior surfaces 
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It has become increasingly clear that, in confined nanometer scale channels, permeability is 

enhanced orders of magnitude over Hagen-Poiseuille flow in smooth hydrophobic pores such 

as in carbon nanotubes (88, 91, 98). This enhancement has been attributed, among other 

reasons, to the slip flow that is possible in such systems. Recently, Peter Pohl and coworkers 

have described a unified correlation that describes increase in diffusivity of water in 

biological and artificial channels with decreasing number of hydrogen bonds between the 

pore wall and the confined water wire (98). Therefore, we propose that, for the ideal water 

channel, the interior surface should be smooth and hydrophobic, with little or no interaction 

with the water wire.  

Hydrophilic channel entrances 

While the exterior and the interior “wall” of artificial water channels should be hydrophobic 

to increase compatibility with bilayer like structures for enhanced transport, having 

hydrophobic ends on the water channels may provide an energy barrier for entrance of water 

molecules into the channel. As suggested for carbon nanotubes and as seen in biological 

channels, we propose that the ends of artificial channels be functionalized with hydrophilic 

molecules to reduce the barrier to water entry (84) and to enhance compatibility with the 

hydrophilic outer regions of biomimetic membranes composed of lipids with hydrophobic 

head groups and BCPs with hydrophilic end blocks. 

Length matching of channels with membrane thickness 

Physical matching of the length of membrane proteins with the thickness of the bilayer has 

been discussed as being critical to both membrane protein function and its stable insertion in 

such membranes (97, 99). We propose that the lengths of artificial channel be designed so 

that its hydrophobic length matches the hydrophobic thickness of the membrane and its 

overall length match the overall thickness of the membrane. 
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Structural rigidity 

It is important for artificial water channels to maximize their open probability (the fraction of 

time it remains open) in order to achieve desired performance. In the case of PAP[5] channels 

it has been observed that the peptide arms forming the channel walls at the entrance and exit 

of the channel are dynamic floppy and can sometimes assume a conformation that occludes 

the pore, leading to a reduction in overall time averaged permeability (Figure 8c) (21). We 

propose that rigid channels that are less dynamic may be a property that can be important for 

ideal artificial water channels. 

Unimolecular vs. Self-assembled channels 

Unimolecular channels provide several advantages compared to self-assembled channels 

when the ease of creating high performance membranes around artificial water channels is 

considered. The primary advantage is the ability to maintain a channel configuration 

regardless of small changes in the properties of the membrane matrix. Self-assembled 

channels also have the challenge of making transitory pores reducing the amount of time 

available for water and solute transport. Additionally, self-assembled channels have not been 

shown to be active in materials beyond lipid bilayers while some unimolecular channels have 

been recently demonstrated in BCPs (100). 

5. DESIGN CONSIDERATIONS FOR MEMBRANE FABRICATION AROUND 

ARTIFICIAL WATER CHANNELS 

The ultimate goal of designing artificial water channels is to incorporate them into 

macroscale membranes for applications in aqueous separations. Thus, design of such 

membranes should enable the high selectivity and permeability observed in molecular 

transport to be translated to the resulting membrane while providing a stable material that can 

withstand operating conditions such as high pressure. The following subsections describe 
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desirable properties of membrane materials that are based on artificial water channels, and 

then describe three hypothetical designs based on a current understanding of these materials 

and requirements for current solute separation membranes 

5.1 Desired properties in artificial channel membranes 

High packing of channels 

A current disadvantage of biomimetic membranes based on AQPs is the low density of water 

channels per unit area of ~ 30-40 channels/µm2(21). Further even if the number of channels is 

improved to its theoretical maximum by creating 2D crystals of these membrane proteins, the 

usable pore area is still <1% of the total area due to the small pore size to total protein cross 

sectional area in aquaporins. Artificial channels in general have a much higher usable cross-

sectional area then membrane proteins (21).However, to take advantage of this feature, they 

must be tightly packed into membranes to provide the maximum permeability possible from 

these membranes.  

High rigidity and mechanical toughness 

Most solute separation membranes such as ROmembranes operate under high pressures from 

5-70 bars. Thus, high rigidity and physical toughness is an important requirement for such 

membranes. The Young’s Modulus of RO active layer polyamide is ~ 1 GPa and its fracture 

strength is ~ 66 MPa (101).We propose that similar properties would be necessary for 

materials based on artificial channels for solute separation membrane applications based on 

highly crosslinked layers in which channels are incorporated. 

Highly aligned channels 

Highly aligned channels are important for the permeability properties of membranes created 

from artificial water channels as unaligned channels will not be productive and lead to low 
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permeability areas on membrane surfaces. Lack of alignment or low alignment has been a 

persistent challenge with carbon nanotube membranes (102, 103). The architecture of most 

artificial channels that have evolved from testing in self assembled lipid based systems which 

allows for spontaneous alignment of channels within the bilayer environment provides an 

advantage as far as alignment is considered within self-assembled lipid and lipid like BCP 

membranes. 

Low prevalence of defects 

A large challenge to creating membranes around designer small molecules and assemblies 

such as zeolites and MOFs is their defect-free integration into polymeric substrates (104, 

105). The presence of pinholes and other defects are highly detrimental to the selectivity of 

membranes, particularly when the target separation is in the sub nanometer scale. This is 

perhaps the largest challenge in creating scalable membranes using artificial water channels 

at the present time.  

5.2. Three possible designs for artificial water channel membrane fabrication 

Artificial water channel based membrane research is in an early stage of development. Most 

membrane transport properties have only been characterized using small membrane vesicles 

of sizes ~200 nm in diameter. On the other hand, work on the synthesis of AQP based 

desalination membrane has seen substantial progress in the past few years (11). Based on this 

progress we suggest that artificial water channels would be used to develop practical 

membrane fabrication utilizing concepts similar to that for AQP-based membranes. 

Additionally, other more scalable concepts that utilize the solvent stability of artificial water 

channels could be employed. The following subsections describe our view of three strategies 

that seem feasible for creating macroscale membranes based on artificial water channels. 



 22 

5.2.1. Membranes based on incorporation of channel-rich vesicles into selective layers of 

current membranes 

Current water desalination reverse osmosi (RO) membranes have structures that are 

comprised of a porous support membrane with a thin selective layer on the top (5, 11, 106, 

107). The most tested AQP-based membrane designs have focused on embedding, adsorbing 

or grafting functional AQP-incorporated vesicles into or onto the selective layers of 

membranes (including RO membranes) so that AQPs can provide energy efficient 

passageways for water molecules across the membrane. To achieve practical selective layers, 

various methods have been utilized including pressure driven vesicle fusion(108-112), 

polyelectrolyte adsorption (108, 113, 114), magnetically induced adsorption(114), chemical 

cross-linking (109-112, 115, 116) and proteoliposome incorporation into thin film composite 

RO membranes via interfacial polymerization (117).Of these techniques, proteoliposome 

incorporation into RO membrane active layers has resulted in a commercial product in both 

flat sheet and hollow fiber forms (118). These membranes showed substantial permeability 

improvements maintaining promising selectivity compared to commercial RO or 

nanofiltration (NF) membranes, even though several questions still remain regarding the 

long-standing stability of protein water channels against high hydraulic operating pressure, 

salinity, fouling effects and microbes (11).On the other hand, in synthetic water channel 

systems, it may be possible to minimize these possible disadvantages of biological and 

possible mechanical instability while maintaining the merits of using water channels (21). We 

propose designs parallel to those utilized for AQPs as possible designs for artificial channel-

based membranes (Figure 11) 

5.2.2. Layered deposition of two-dimensional channel embedded nanosheets 

To maximize the advantages of exploiting biological and artificial water channels in 
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membrane fabrication, our group has proposed using highly porous 2D nanosheet-based 

membranes which are composed of water channels and amphiphilic molecules (lipids or 

BCPs)(Figure 12 aandc)(21, 119-121). 2D nanosheets and crystal assembly in lipids and 

BCPs has been shown to be possible for various protein channels as well as unimolecular 

artificial water channels including AQPs, outer membrane protein F (OmpF), and PAP[5](21, 

119-121). The structural features of these nanosheet membranes are similar to channel-

incorporated vesicles but they have significantly higher molar ratios of channels to 

amphiphilic molecules (~ 0.8) than those of conventionally reconstituted vesicles (~0.001 to 

0.002) and they are flat sheets rather than hollow spheres. These crystalized (or highly 

ordered array) structures have highly organized water channels with high pore density per 

unit area of up to 105 channels/µm2(21). Also, these 2D crystalline structures could be as 

large as several microns size with high aspect ratios of ~1000. Together with two 

considerations of high pore density and scalability, nanosheet membranes can be regarded as 

promising materials for practical selective layer formation for water treatment or small 

molecule separation membranes. 

Recently, we have successfully demonstrated that artificial water channel embedded 

nanosheets, which are made of PAP[5] and polybutadiene-polyethylene oxide (PB-

PEO)diblockBCPs, could be used to form continuous and scalable selective layer on the top 

of track-etched polycarbonate (PC) or polyethersulfone (PES) membranesby simple pressure-

driven lateral deposition(100).For these kind of soft materials, achieving sufficient 

mechanical stability against substantial hydraulic pressure has been one of the most 

challenging problems for practical membrane applications. However, due to the feasibility of 

BCPs with respect to chemical modification, another supporting polymeric layer of 

polyethyleneimine (PEI) could be introduced and then chemically cross-linked with each 
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nanosheet layers to confer higher stability to thin selective layers by forming layer by layer 

structures (Figure 12). 

5.2.3. Lamellar structured BCP membrane 

Distinctive phase segregation behaviors of BCPs have led to their investigation and 

application into various research and industrial fields (122-124). They have been well 

characterized as having unique patterning (self-assembling) properties, depending on volume 

fractions of blocksand the difference in their hydrophobicity to develop unique polymer 

structures(122). For example, amphiphilic diblockBCPs can self-assemble into cubic spheres, 

hexagonal cylinders, bicontinuous gyroids and lamellae below the order−disorder transition 

temperature, depending on volume fractions (Figure 13a).Since these domain separations can 

be carried out at micro or nanometer scale with regular patterns, they are being extensively 

used as templates in nanolithography, nanoparticle synthesis and isoporous nanopore 

membrane fabrication(125-127). 

Among these various patterns of BCPs, the lamellar structure could be of high interest in 

terms of efficient biomimetic membrane fabrication around artificial channels. Also, since the 

water channels have been demonstrated to be functional in BCP bilayer membranes(120, 

121), BCPs can be considered as next generational materials for practical biomimetic 

membrane development, due to their low cost, rich functionality and robustness(123, 124). In 

this context, incorporation of artificial water channels into lamellar structured BCP matrix, 

which can provide similar environments of cellular membranes for biomimetic channels,can 

be a reasonable approach to developing synthetic biomimetic membrane systems (Figure 13). 

Under these circumstances, the artificial channels can be selectively inserted into the 

hydrophobic phases in a direction perpendicular to the lamellar plane. The transport property 

of the membranes would then be critically determined by channel’s water conduction and 



 25 

selective properties (Figure 13c and d). 

6. OUTLOOK FOR ARTIFICIAL CHANNEL BASED MEMBRANES 

Artificial water channels are promising alternatives to aquaporins for membrane-based, 

energy efficient Angstrom-scale separations. These are expected to overcome or at least 

minimize several disadvantages of AQP-based biomimetic membranes that originate from 

their intrinsic properties of being biomaterials (proteins) including cost efficiency and 

mechanical and chemical stability against non-homeostatic environments, from the materials 

engineering and operation perspectives. Even though current artificial channels systems are 

still in early stages of development, there has been remarkable progress in the past five years, 

particularly in molecular design and demonstration of synthetic channels with performance 

comparable to AQPs, suggesting a promising future for research, development and 

commercialization in this area. Further, recent advancements in nanomanufacturing 

technologies could greatly enhance the possibility of developing practical membrane 

fabrication schemes using artificial water channel systems in the near future. 
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Figure1. Dendritic dipeptide pores. (a) Chemical structures of dendritic dipeptideswith 

different dendritic periphery arms. (b) Top and (c) cross-sectional views of simulationmodel 

of dendritic hydrophobic pores. Dendritic periphery arms were not shown in (c). Reprinted 

with permission from Reference (24). Copyright © 2007, American Chemical Society.  
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Figure 2. I-quartet channels. (a) Chemical structures of ureido imidazole compounds with 

various alkyl chain tails in terms of chain length and chilarity. (b) I-quartet channel 

embedded vesicular membrane water permeabilities. (c) Columnar assembly of imidazole 

moieites inside hydrophobic environments. Hydrated crystal structures of (d) HC6, (e) HC8, 

(f) S-HC8 and (g) R-HC8 which are containing dipolar water wires.Reprinted with 

permission from Reference (19). Copyright © 2016, American Chemical Society.  
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Figure 3. Triazole channels (T-channels). (a) Chemical structure of bola-amphiphile-triazole 

TCT. (b) Single columnar crystal structure of T-channels. (c) Water-filled model of T-

channels. Half of four water wires (upper green box) are facing opposite directions with 

respect to another half of water wires (below yellow box). These water wires hydrate the 

inner surface of water channels and reduce direct interactions between small cations and 

water channels, resulting in lubricant effect for small cation transport. (d) Anomalous single 

order exponential behavior of cation transport activities of T-channels. Dashed red line 

represents conventional linear trend of Eisenman I cation conduction rates.Reprinted with 

permission from Reference(35). Copyright © 2014, Nature Publishing Group.  
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Figure 4.m-PE channels. (a) Chemical structures of hexa(m-PE) based planar macrocycles.(b) 

A snap shot of quantum molecular dynamic simulations for stacked columnar pore structure 

of 2A. Atomic force microscopy (AFM) images of assembled pillar structures of (c) 2A and 

(d) 2Bon the mica substrate in CCl4. Scale barsare 500 nm for main figures and 50 nm for 

insets.Reprinted with permission from Reference(42). Copyright © 2012, Nature Publishing 

Group.  
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Figure 5. Aquafoldamers. (a) Chemical structure of folding pentamers with different pairs of 

sticky ends. Hydrated crystal structures of (b) pentamer 3 and (c) pentamer 4 which are 

containing two water molecules per repeating unit. (d) 1D water wire containing helical 

aquapore consists of pentamer 4 which are self-elongated by sticky ends.Reprinted with 

permission from Reference(60). Copyright © 2014, American Chemical Society.  
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Figure 6. Triarylamine channels. Chemical compositions of triarylamine monomers for 

synthetic (a) cation and (b) water channels.(c) Crystal structure of 6B.Reprinted with 

permission from Reference(62). Copyright © 2017, American Chemical Society. 
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Figure7. Hydrazide-appended pillar[5]arenes (PAH). (a) Crystal structure of pillar[5]arene. 

(b) A series of hydrazide chain extended pillar[5]arenes. (c) Chemical structure of 7B which 

contains a truncated water wire in the middle of the channel. O atom of water molecules are 

represented by space-filling (CPK) model. (d) Schematic tubular conformation of 

7C.Reprinted with permission from Reference (99). Copyright © 2012, American Chemical 

Society.  
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Figure 8.Peptide-appended pillar[5]arene (PAP[5]). (a) Schematic illustration of PAP[5] 

chemical structure. (b) Molecular modeling of PAP[5] channel. (c) Snap shots of MD 

simulation showing wetting-dewetting transition of PAP[5] channel. Channels are 

represented by purple van der Waals spheres. 1-palmitoyl-2-oleoyl-sn-glycerol-3-

phosphatidylcholine (POPC) lipids are used as bilayer matrix and represented by green stick 

model. Water molecules are represented by red and white van der Waals spheres.Reprinted 

with permission from Reference(21). Copyright © 2015, National Academy of Sciences. 
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Figure 9.Carbon nanotube porins (CNTPs). (a) Illustration of CNTP mediated water 

conductionacross lipid bilayers.Snap shots of MD simulations which are showing the status 

of water molecules as (b) bulk or (c) single file inside the wCNTPornCNTP 

respectively.Reprinted with permission from Reference(84). Copyright © 2017, The 

American Association for the Advancement of Science. 
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Figure 10. Ideal water channel design considerations.(1) Rigid pore structure at Angstrom 

scale for selective and fast water diffusionby 1D water wire formation. (2) Hydrophilic 

channel entrance to reduce unfavorable energy barrier to water molecule entry into the 

channel. (3) Hydrophobic inner surface to minimize any interaction between water molecules 

and channel interface which can result in flow retardation. (4) Rigid structural stability to 

prevent dynamic deformation of channel structure which can hinder continuous water 

conduction. (5) Structural compability of water channels against biomietic membrane matrix 

in terms of length and hydrophobic compatibility. Parts of the figure reprinted with 

permission from Reference (21). Copyright © 2015, National Academy of Sciences.  
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Figure 11.Schematic illustrations of several strategies to fabricate water channel based 

desalination membranes based on current efforts with AQP-based vesicles. (a) Overview of 

current water channel vesicle incorporated desalination membranes that could be adapted for 

artificial channel based macro scale membranes. (b) Pressure driven vesicle rupture, (c) 

imprinting of vesicles, (d) polyelectrolytic adsorption of vesicles and (e) vesicle embedment 

into thin film composite via interfacial polymerization. Part of figure reprinted with 

permission from Reference(107). Copyright © 2012, Elsevier. 
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Figure 12.Layered deposition of channel embedded 2D nanosheets on porous support 

membrane. (a) Tilted view of molecular modeling of hexagonally ordered PAP[5] 2D 

nanosheet. Narrowest pore regions of PAP[5] are presented as dark violet. Peptide 

phenylalanine arms are presented as translucent purple. Lipid bilayers are presented as 

translucent gray polygons. (b) Schematic illustration for layered deposition of artificial water 

channel embedded nanosheets on porous support. (c) Transmission electron microscopy 

(TEM) image of channel protein (OmpF) embedded nanosheets. Scale bar is 500 nm. 

Scanning electron microscopy (SEM) images (d) before and (e) after artificial water channel 

embedded nanosheets deposition on the PES support. Scale bars are 1µm. (f) Cross-sectional 

SEM image of deposited selective layer of nanosheets on the PES support. Scale bar is 2µm. 

Reprinted with permission from Reference (21). Copyright © 2015, National Academy of 

Sciences.  
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Figure 13.Suggested design for lamellar BCPartificial water channel membrane. (a) Phase 

separation properties of diblockBCPs depending on volume fraction of A (fA) and the 

difference in hydrophobicity between the two blocks. (b) Schematic illustration for 

preparation of lamellar structured selective layer on porous support. Anticipated water 

transport phenomena across the lamellar selective layer (c) before and (d) after water channel 

incorporation into hydrophobic phases. Panel (a) reprinted with permission from Reference 

(122). Copyright © 2007, Elsevier. 
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Table 1. Ideal water channel considerations for current artificial water channels. 

Channels Classification 
Single channel 

permeability 
 (H2O / s) 

Pore 
diameter 

(Å) 

Hydrophilic 
entrance 

H bond with 
water wire 
(number) 

Usable 
crosssectional

area (%) 

Structural 
rigidity 

Length 
matching 

differencea 

Dendritic 
dipeptide 

Self-
assembled 

NA ~14.5 No NA 3  
Thermally 
unstable 

(Tm = 40°C) 

~1 

I-quartet 
HC8 : 1.4 X 106 

R-HC8 : 7.9X 105 
S-HC8 : 1.5X 106 

~2.6 Yes Yes (4)b 5 - 10c Dynamic  

Triazole NA ~5 
(average) Yes Yes (4)b ~20c NA 

m-PE NA ~6.4 No None 4 Rigid 

Aquafoldamer NA ~2.8 Yes Yes (5)b 10 - 15c NA 

Triarylamine NA NA Yes NA NA NA 

HAP 

Unimolecular 

6D :40 ~4.7 Yes Yes(90)d 20 - 25c Pore :rigid 
Wall : dynamic 

6A : 0.4 
6B : 0.875 
6D : 1.25 

PAP[5] 3.5 X 108 ~4.7 Yes None 20 – 25c Pore :rigid 
Wall : dynamic 0.8 

CNTPs nCNTP : 2.8 X 1010 
wCNTP : 2 X 109 

nCNTP : 8 
wCNTP : 15 

Yes 
(modification) None ~100 Rigid 2.5 

a Ratio of water channel length to height of lipid bilayer. 
b Number of H bonds per repeating assembly unit of crystal structure 
c These are calculated approximately based on top view of water channel crystal structures. 
d Number of potential H bond acceptor around inner surface of single water channel 
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