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Achieving high permeability and enhanced
selectivity for Angstrom-scale separations using
artificial water channel membranes
Yue-xiao Shen1,9, Woochul Song1, D. Ryan Barden2, Tingwei Ren1, Chao Lang1, Hasin Feroz1,

Codey B. Henderson3, Patrick O. Saboe1, Daniel Tsai1, Hengjing Yan4, Peter J. Butler5, Guillermo C. Bazan 4,

William A. Phillip6, Robert J. Hickey7, Paul S. Cremer3, Harish Vashisth 2 & Manish Kumar 1,5,8

Synthetic polymer membranes, critical to diverse energy-efficient separations, are subject to

permeability-selectivity trade-offs that decrease their overall efficacy. These trade-offs are due

to structural variations (e.g., broad pore size distributions) in both nonporous membranes

used for Angstrom-scale separations and porous membranes used for nano to micron-scale

separations. Biological membranes utilize well-defined Angstrom-scale pores to provide

exceptional transport properties and can be used as inspiration to overcome this trade-off.

Here, we present a comprehensive demonstration of such a bioinspired approach based on

pillar[5]arene artificial water channels, resulting in artificial water channel-based block

copolymer membranes. These membranes have a sharp selectivity profile with a molecular

weight cutoff of ~ 500Da, a size range challenging to achieve with current membranes,

while achieving a large improvement in permeability (~65 L m−2 h−1 bar−1 compared

with 4–7 Lm−2 h−1 bar−1) over similarly rated commercial membranes.
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Synthetic polymeric membranes, which are widely used in
water purification, gas separations, chemical processing, and
bioprocessing, suffer from a ubiquitous trade-off trend: high

permeability leads to low selectivity and vice versa1. This trade-off
manifests owing to the structural variations in state-of-the-art
membranes, which typically use differences in molecular sizes to
effect a separation. In the cases of angstrom-scale separations
such as water desalination2 and gas separations3, where non-
porous polymeric membranes operate via the solution-diffusion
mechanism4, the variable size of the free volume elements
through which diffusion occurs hampers membrane perfor-
mance1. In porous membranes such as ultrafiltration and
microfiltration, this trade-off is primarily due to the broad pore
size distribution seen in commercial membranes5.

Biological membranes exhibit high permeability and high
selectivity because they possess transmembrane proteins6 with
well-defined channel pore sizes that synergistically combine size,
charge, van der Waals, and specific binding interactions within
the channels to enhance the transport of target species. For
example, size exclusion is the major mechanism for water-over-
solute selectivity of biological water channel proteins, aquaporins
(AQPs)7. Water dipole reorientation through a series of specific
hydrogen bonding steps is another selectivity mechanism that
prevents protons from crossing the membrane8. AQPs have been
incorporated into membrane matrices for applications in desali-
nation and water purification9 because of their ability to maintain
high permeability and selectivity. However, high costs, difficulties
in fabrication, and low stability associated with membrane
protein-based materials have hindered the large-scale applications
of AQP-based membranes9. Concurrent with work on AQP-
based membranes, an increase in the knowledge regarding the

structure-function relationships of AQPs has inspired a series of
artificial structures, including artificial water channels10 and
carbon nanotube porins (CNTPs)11,12, which attempt to mimic
the high water permeability and selectivity of AQPs. Artificial
channels can be synthesized using simple chemistry, and are
solvent compatible, thus allowing manufacturing techniques
common in polymer processing to be applied13. More impor-
tantly, flexibility in design of the chemical structures of artificial
channels further allows for specific functionalization to tailor
their permeability13,14 and selectivity15,16. These precisely
designed pore structures are ideal for membranes that can
overcome the aforementioned permeability-selectivity trade-off of
current commercial membranes.

In this paper, we present an inception-to-implementation
description of highly permeable and selective polymer mem-
branes consisting of well-defined, densely packed artificial water
channels (Fig. 1). The design of the channel used in this work,
peptide-appended pillar[5]arene (PAP) artificial water channel
with a pore size of ~ 5 Å13, was inspired by AQPs found in cell
membranes including in those of mangrove roots (Fig. 1a–d). To
date, artificial water channels, including PAP channels13 and
CNTPs11,12, have been primarily characterized in lipid
bilayers13–18, which are not ideal for larger scale applications
owing to their low chemical and mechanical stability19. As such,
we first systematically investigated the molecular transport of
water through PAP channels embedded in amphiphilic block
copolymers (BCPs). BCPs form lipid-like bilayer structures20, and
are more mechanically and chemically stable than lipids20, and
offer customizable polymer types21, membrane thicknesses20,21

and terminal functional groups22. BCPs are being increasingly
used for incorporating membrane proteins into bilayer or bilayer-
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Mangrove trees can
survive in brackish water.

Cell membranes selectively
filter salty water.

Artificial water channels mimic
the structure and function of AQPs.

Artificial water channels approach
the water permeability of AQPs.

Artificial water channels form densely-
packed lipid or polymer membranes.

Single-channel
permeability
determined by
both experiments
and simulations

Membrane
fabrication

Embed in
bilayers

Composite membrane with precisely
designed Angstrom-scale pore size.

AQPs conduct fast and
selective water transport.

Size restriction

Fig. 1 Biological inspiration and molecular design of highly selective and permeable water channels, their self-assembly, and translation to macroscale
membranes. a Biological cell membranes (e.g., mangrove root cell membranes) are capable of efficiently and selectively transporting water. b, c This
transport across membranes is mediated by transmembrane proteins including water channel proteins such as aquaporins (AQPs). d, e Artificial water
channels, which have a similar hydrophobic outer surface and constrict to Angstrom-scale apertures at their narrowest points like AQPs, maintain high
permeability and selectivity. f, g They also provide a route toward large-scale applications owing to their relatively simple synthesis and chemical and
mechanical stability. With carefully designed self-assembly and membrane fabrication procedures, densely packed artificial water channel-based
membranes provide molecular separation at the designed pore size while maintaining high permeability
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like matrices for functional studies23, drug delivery24, and sen-
sors25, and self-assembled ultrafiltration membranes26. We chose
poly(butadiene)-b-poly(ethylene oxide) di-block copolymers
(denoted as PBn-PEOm, see Supplementary Table 1, n and m
indicate the number average degree of polymerization for each
block) because they have been used to study membrane proteins
and demonstrate unique self-assembly properties including the
ability to assemble membrane proteins into two-dimensional
crystals27,28. The water conductance of PAP channels in BCPs
was determined to be in the range of AQPs’ (~108–109 water
molecules s−1), confirmed by both experiments and simulations
(Fig. 1e). We also studied the effect of physical hydrophobic
mismatch, which is characterized by the difference between the
bilayer thickness and channel length, and chemical hydrophobic
mismatch, which is indicative of the differences in surface energy
between the hydrophobic domains of the bilayers and the outer
surface of the channels, on insertion of channels into lipid and
polymer bilayers. PAP channels were then densely packed into
two-dimensional sheets within PB-PEO polymers (Fig. 1f)
through a controlled self-assembly process; and the composite
membranes were synthesized by depositing these 2D sheets using
a layer-by-layer technique on porous substrates. These mem-
branes preserve the exceptional permeability and selectivity
properties of PAP channels determined in molecular transport
studies (Fig. 1g) with permeabilities and order of magnitude
above corresponding commercial membranes while maintaining
a close to ideal selectivity expected from a membrane with
monodisperse 5 Å pores.

Results
Functional characterization of PAP channels in PB-PEO
polymer membranes. PAP channels could be incorporated into
PB-PEO bilayers using the film rehydration method (Fig. 2a)
previously used for incorporating artificial and biological water
channels in lipid bilayers13,27. For PB23-PEO16 (PB23), vesicles
with diameters from 200–300 nm were formed, as indicated by
both transmission electron microscopy (TEM) and dynamic light
scattering size measurements (Supplementary Fig. 1). After
incorporating PAP channels into these unilamellar polymersomes
at different molar channel-to-polymer ratios (mCPRs), the
polymersomes were abruptly exposed to an inwardly directed
osmotic gradient, the subsequent swelling of the polymersomes
led to greater destructive interference and a concomitant decrease
in the scattering intensity especially at larger angles. This is
because vesicles with a size comparable to the wavelength of light,
i.e., sizes > 1/10 the wavelength of light, stop acting like point
particles and show a decreasing trend in scattering intensity with
increasing volume29 at the scattering angle used for measure-
ments (90°). The light scattering signals decreased faster at higher
mCPRs (Fig. 2b), indicative of faster volumetric expansion and
thus higher water permeance in the presence of channels (Fig. 2c).
The PB23 vesicles, at an mCPR of 0.005, had a net permeability of
3.3 ± 0.9 μm s−1 (mean ± s.d., n= 3, Fig. 2d) after subtracting the
background shown in Fig. 2c.

The number of PAP channels per polymersome was counted
using a fluorescence correlation spectroscopy (FCS)-based
technique reported previously13 and illustrated in Supplementary
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Fig. 2 Peptide-appended pillar[5]arene (PAP) channels maintain an aquaporin-like single channel permeability in block copolymer bilayers. a Confocal
fluorescence microscope image of a giant unilamellar vesicle showing the incorporation of fluorescently labeled PAP channels into PB23 polymersomes.
Block copolymers were not labeled. Scale bar, 5 μm. b Representative light scattering traces of PB23 polymersomes with different molar channel-to-
polymer ratios (mCPRs) after a rapid exposure to a hypotonic solution in a stopped-flow instrument. The hypotonic solution lacked the 100mM PEG600
used to form the vesicles. c The water permeability of PAP channel-containing PB23 polymersomes formed with different mCPRs measured under
hypotonic conditions. The dash line showed the background permeability level of a control PB23 vesicle. d Net water permeability of PAP channels in
liposomes (4:1 (mol/mol) phosphatidylcholine/phosphatidylserine (PC/PS), molar channel-to-lipid ratio (mCLR) is 0.005), and in PB23 polymersomes
(mCPR= 0.005) after subtraction of the background permeability of control vesicles shown in c. e Single channel water permeability of PAP channels in
PC/PS liposomes and PB23 polymersomes. The permeabilities of AQP1, AQP0 and CNTP are from Zeidel et al.30, Saobe et al.31, and Tunuguntla et al.12,
respectively. f The insertion efficiency of PAP channels in PC/PS liposomes and PB-PEO polymersomes was determined using fluorescence correlation
spectroscopy (FCS) measurements. The calculation of insertion efficiency is described in detail in Supplementary Methods. Data shown are the average of
triplicates with standard deviation
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Fig. 2 and Supplementary Methods. PAP channels were first
tagged with a fluorophore, tetramethylrhodamine cadaverine13.
Polymersomes with labeled channels were subjected to FCS
analysis before and after detergent solubilization, creating
an autocorrelation function for the vesicles prior to solubilization
and another for the solubilized micelles containing PAP channels
(Supplementary Fig. 2). A double-species model (used to
differentiate labeled PAP channels from residual free fluoro-
phores) was employed to fit each of the autocorrelation curves
and to obtain the number of fluorescent vesicles (NVesicle) and
solubilized PAP micelles (NMicelles). The number of the inserted
channels per vesicle (NChannels) was calculated as the ratio
NMicelles/NVesicle. The number of inserted channels per vesicle at
an mCPR of 0.005 was ~ 30 (Supplementary Fig. 3).

We compared the water conductance of PAP channels in
lipid and PB23 membranes (Fig. 2d). At a molar channel-to-lipid
ratio of 0.005 (mCLR= 0.005), the net permeability of PAP
channels in lipid vesicles was 46.6 ± 13.8 μm s−1, approximately
one order of magnitude higher compared with that in PB23
polymersomes (3.3 ± 0.9 μm s−1) at an mCPR of 0.005. However,
the number of inserted PAP channels in the lipid system
were also found to be ~10 times higher than that in the PB23
vesicles (Supplementary Fig. 3). Combined, the FCS and
the stopped-flow permeability data showed that the single
channel water permeability of PAP channels in PB23 vesicles
was 1.6 ± 0.4 × 108 H2O molecules s−1 (Fig. 2e), which was
lower by a factor of ~ 2 compared with that in liposomes
(3.3 ± 0.6 × 108 H2O molecules s−1)13 but within the range of
AQPs and CNTPs (~108−1010 water molecules s−1)12,30,31. Note
that in this study membrane permeability is presented in the units
of flux at applied osmotic gradient (μm s−1) for bilayer
membranes or the industry standard (L m−2 h−1 bar−1, denoted
as LMH bar−1) for synthetic membranes (1 μm s−1 is equivalent
to 2.75 × 10−3 LMH bar−1, see Supplementary Methods)32.
Single channel permeability is reported as volumetric flow rate
(cm3 s−1) or number of water molecules per s (3 × 10−14 cm3 s−1

is equivalent to 109 water molecules s−1). These units were
chosen for easy comparison with literature values in the two
distinct fields of membrane biophysics and synthetic membrane
science.

In addition to PB23, we also incorporated channels in PB12-
PEO9 (PB12) and PB33-PEO24 (PB33) BCPs with different polymer
lengths (Supplementary Table 1). Although the selected BCPs had
a hydrophilic volume fraction “fhydrophilic” within the threshold
expected to form vesicles (0.35 ± 0.10, Supplementary Table 1)33,34,
the rehydration of OH-terminated PB12 resulted only in micelles
(Supplementary Fig. 4); COOH functionalized PB12 produced a
vesicle and micelle mixture (Supplementary Fig. 5)35; and PB33
polymers formed worm-like structures34 with < 10% proportion of
vesicles (Supplementary Fig. 6). After size exclusion chromato-
graphy to remove the non-vesicular fractions, COOH functiona-
lized PB12, OH-terminated PB23 and OH-terminated PB33
vesicles were used to study channel insertion efficiency (Supple-
mentary Fig. 3 and 7). Insertion efficiency is defined as the actual
channel number per vesicle determined by FCS divided by the
theoretical insertion number, for which we assumed all PAP
channels added to the reconstitution mixture were embedded into
the vesicle bilayers (Fig. 2f, see Supplementary Methods). In lipid
vesicles at an mCLR of 0.005, the number of PAP channels per
liposome (383 ± 52 channels in a vesicle of ~ 160 nm in diameter)
corresponded to an insertion efficiency of 35.7 ± 4.9%. The number
decreased to 17.0 ± 0.6%, 13.9 ± 0.6% and 7.5 ± 1.5% for PB12,
PB23, and PB33 vesicles, respectively.

The insertion of PAP channels was less favorable in PB-PEO
polymers than lipids, and was dependent on hydrophobic block
length and chemical hydrophobic mismatch with the polymer.

From the perspective of physical compatibility, the insertion
ability in PB polymers decreased with increasing polymer
hydrophobic block lengths. PB12, PB23, and PB33 polymers
have a hydrophobic bilayer thickness of 5.1 ± 0.6 nm, 6.0 ± 0.5
nm, and 7.4 ± 0.5 nm, respectively, as estimated from Cryo-TEM
(Supplementary Fig. 8), which were close to the thicknesses
estimated from literature (Supplementary Table 1 and Supple-
mentary Fig. 9, see Supplementary Methods). The physical
mismatch with the height of PAP channels (~4 nm) further
supported the observed trend for PAP channels in PB-PEO BCPs.
The chemical compatibility between the channels and the bilayer
hydrophobic block was quantified by a water soluble conjugated
oligoelectrolyte, 4,4’-bis(4’-(N,N-bis(6”-(N,N,N-trimethylammo-
nium)hexyl)amino)-styryl)stilbene tetraiodide (DSSN+). This
molecule was used to probe relative hydrophobicity of bilayer
hydrophobic blocks. DSSN+ has a D-π-D structure and under-
goes intramolecular charge transfer that is influenced by
the solvent environment36, and can be used to probe the
hydrophobicity of self-assembled membranes as shown in a
recent study37. The insertion of DSSN+ into lipids leads to a blue
shift of the emission due to the lower-polarity inner core of a lipid
bilayer compared with aqueous environment (Supplementary
Fig. 10)36. The lipid induced a larger blue shift (57.3 ± 0.9 nm)
than PB23 BCPs (8.0 ± 1.3 nm) in DSSN+ emission (Supple-
mentary Fig. 11), indicative of a more hydrophobic environment
in lipid than in PB polymers. When PAP channels were
incorporated into phosphatidylcholine/phosphatidylserine lipo-
somes, the blue shift increased from 57.3 ± 0.9 nm to 64.0 ± 0.0
nm, whereas this shift was from 8.0 ± 1.3 nm to 18.0 ± 0.0 nm for
PB23 polymersomes. The relative shift was 28.1 and 89.5% for
pure liposomes and PB23 polymersomes, respectively, implying
the phenylalanine arms of PAP channels were closer in
hydrophobicity to the lipid membrane environment rather than
the PB membrane environment, resulting in a higher driving
force for spontaneous insertion38–40 in the hydrophobic phos-
pholipid core. We concluded that the insertion of PAP channels
was more favorable in lipid than in PB-PEO membranes from the
perspective of chemical compatibility. Thus, opportunities exist to
develop other polymer chemistries that may be more compatible
with PAP channels.

Molecular dynamics simulations of PAP channels in
BCP membranes. We performed several independent long
timescale molecular dynamics (MD) simulations of a single PAP
channel in two BCP membranes (PB12 and PB23) and one lipid
membrane (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
POPC) (Supplementary Table 2). For BCP simulations, the
polymer chains were first placed in a di-block arrangement and
simulations were conducted until the pristine membranes reached
equilibration (Supplementary Fig. 12). The hydrophobic layer
thickness of PB12 and PB23 membranes upon equilibration were
3.7 ± 0.1 nm and 5.4 ± 0.1 nm, respectively. These values are
consistent with those measured in experiments (Supplementary
Fig. 8). We used these equilibrated BCP membranes for PAP-
embedded simulations.

Simulations demonstrated that the dynamics of a single PAP
channel are different in the three types of membranes
(Supplementary Figs. 13–15). Given that the hydrophobic
thickness (~3.7 nm) of the PB12 membrane matches the height
of the PAP channel (~4 nm), a single PAP channel spanned
the PB12 membrane (Fig. 3a) without significant membrane
deformation. However, the PB23 membrane near the channel was
observed to significantly change its thickness in order to
accommodate the PAP channel (Fig. 3b). This phenomenon has
been observed in the case of membrane proteins and predicted to
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be important for the stabilization of membrane proteins in BCP
membranes23. Channel dynamics were quantified by mean-
squared-displacement (MSD) (Supplementary Fig. 16) and root-
mean-squared-deviation (RMSD) (Supplementary Fig. 17) calcu-
lations. MSD represents the diffusion of a single channel within
the hydrophobic core of membranes and we found that the lateral
movement in the plane of each membrane dominated the
diffusion (Supplementary Fig. 16). Both lateral and vertical
diffusivities of a single PAP channel in BCP membranes were
lower than in lipid membranes (Supplementary Fig. 16 and
Supplementary Table 3). RMSD is a measure of the configuration
change of the channel itself within membranes (Fig. 3c and
Supplementary Fig. 17). This self-mobility showed a decrease
from POPC to PB12 and then to PB23. The outcome of this
mobility and the interaction with membranes was the tilting of
PAP channels at an angle of ~15–20° (Fig. 3d, Supplementary
Fig. 18 and Supplementary Table 3)11,13. Similar to MSD and
RMSD, the distribution of angles became narrower from POPC,
to PB12 and to even thicker PB23 membranes, indicating that
PAP channels were more constrained and stable, as in the
phenylalanine peptide “arms” were less mobile in polymeric
membranes.

The permeability of a single PAP channel was measured in PB-
PEO membranes and compared with the lipid reference using a
widely used collective diffusion model (Supplementary Fig. 19)41.
The average permeability of a PAP channel in POPC, PB12 and
PB23 was 1.8 ± 0.1 × 109 water molecules s−1, 6.0 ± 0.1 × 108

water molecules s−1 and 8.3 ± 0.1 × 108 water molecules s−1,
respectively. These values are of the same order of magnitude
and reflect a similar difference between lipid and polymer systems
for channels as determined in the experimental data at 3.3 ± 0.6 ×
108 water molecules s−1 for lipids and 1.6 ± 0.4 × 108 water
molecules s−1 for PB23, respectively.

Self-assembly of PAP channels in PB-PEO membranes. Though
PB12 BCPs form micellar structures in aqueous solutions27, they
can produce highly ordered two-dimensional crystals with
membrane proteins such as aquaporin-0 (AQP0)27 and outer
membrane protein F28 after a controlled self-assembly process.
Because of the similarity of the bilayer thickness to the length of

the PAP channels, we hypothesized that they could be packed
with high density in PB12 membranes. We performed dialysis of
ternary PB12 BCP/PAP channels/detergent mixtures and allowed
the detergent to be removed slowly through its critical micelle
concentration, which has been shown to be critical for efficient
membrane protein insertion27,42. PAP concentration had a sig-
nificant impact on the morphology of PAP channel/PB12
aggregates after detergent removal. As observed by negative-stain
TEM (Fig. 4a), PB12 formed small vesicles at an mCPR of 0.05,
large vesicles at an mCPR of 0.1 and large flat sheets at higher
mCPR ratios. These transitions in morphology demonstrate that
increase in PAP channel density in the channel-BCP binary
system changed bilayer curvature and resulted in the formation of
flat membranes. In contrast to the uniform membrane with
packed arrays formed by PAP channels in lipids13, PAP channels
packed into PB12 membranes exhibited microphase separation as
visualized by electron microscopy after negative staining by
uranyl formate (Fig. 4b). The uranyl-stained PB-PEO BCPs
implied the brighter domains of 20–30 nm in diameter were PAP
aggregates and the number of the unstained domains per unit
area also increased at higher mCPR ratios (Fig. 4b). Energy fil-
tered TEM (Supplementary Fig. 20) and energy dispersive spec-
troscopy (EDS) (Fig. 4c) mapping confirmed that the microphase
separated domains had enriched nitrogen species that are only
present in PAP channels and not in PB-PEO BCPs.

Considering that the entire cross-sectional area of a PAP
channel is ∼1.5 nm2,43 the packing density of PAP channels in
PB12 membranes at an mCPR of 0.5 (Fig. 4c, right panel) was
estimated to be ~4.2 × 105 μm−2, more than two orders of
magnitude higher that packing density of carbon nanotubes
(CNTs) (0.1~2.5 × 103 μm−2)44–46 and block copolymer tem-
plated nanopore membranes (~103 μm−2)47 (Fig. 4d). The
microphase separation could be attributed to the less favorable
interaction between PAP channels and PB12 BCPs compared
with those seen between PAP channels and lipids but does not
seem to affect the overall packing density of channels, which is of
similar magnitude to that measured in lipids. We further
investigated the lateral diffusion of PAP channels at high
concentration in BCPs using fluorescence recovery after photo-
bleaching (FRAP). The FRAP recovery curve of the labeled PAP
channels showed two different kinetic regimes: a fast recovery
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are averages over triplicate simulations
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(Supplementary Fig. 21, inset, ~ 40% mobile fraction) with a
larger diffusion coefficient of 0.086 μm2 s−1, and a long recovery
(Supplementary Fig. 21, ~34% mobile fraction) with a smaller
diffusion coefficient of 0.0069 μm2 s−1. The remaining 26% was
the immobile fraction probably owing to the interaction between
the labeled channels and the support. Diffusion in both the fast
and slow regimes was found to be slower than the rate of single
channel diffusion determined by MD simulations (Supplementary
Table 3), which is likely a result the raft formation suggested by
self-assembly experiments. These experimental results combined
with simulations could provide insight into the dynamic
behaviors of PAP channels and how artificial transmembrane
channels stabilize themselves in synthetic polymer membranes.

PAP[5] channel 2D sheet composite membranes. PAP channels
formed micron sized 2D sheets or giant collapsed vesicles (Fig. 4),
the large aspect ratio of which made them ideal for membrane
fabrication. Each PAP channel has five carboxylic acid groups at
each end of the channel. We functionalized PB12 BCPs with
carboxylic groups so that the final 2D sheets were fully carboxylate
terminated. A modified layer-by-layer method was then used to
immobilize these 2D sheets onto polycarbonate track-etched
membranes (PC) and polyethersulfone microfiltration (PES)
support membranes with the aid of polyethyleneimine (PEI)
(Fig. 1g)48. After three and four cycles of modification, 2D sheets
achieved ~ 100% coverage on PC and PES membranes, respec-
tively as observed by scanning electron microscopy (SEM, Sup-
plementary Figs. 22, 23). The sharp edges of these sheets can be
observed in the SEM images at a higher magnifications (Fig. 5a

and Supplementary Fig. 24). The permeability gradually decreased
with the increasing cycles of modification (Supplementary Fig. 25),
and reached 3.0 ± 1.2 LMH bar−1 and 64.8 ± 11.3 LMH bar−1 for
completely covered PC and PES membranes, respectively (Fig. 5b).
A series of charged low molecular weight dyes were selected for
conducting solute rejection tests. We first performed a filtration
test on PEI-modified control membranes over a period of 60min
to exclude the adsorption effect contributed by polyelectrolytes
(Supplementary Fig. 26)49 and a similar protocol was then fol-
lowed with each of the selected dyes. The dye rejection properties
improved as the number of depositions increased (Supplementary
Fig. 26). The molecular exclusion limit of PC and PES membranes
were ~560 Da and ~450 Da when completely covered with PAP
2D sheets, respectively (Fig. 5c), which is very close to the
designed PAP pore, which has an exclusion limit of ~500 Da13.
This size range is significant as only two commercial membranes
exist with a MWCO ~ 500Da (Fig. 5d) with the entire range of NF
membranes reported in literature shown in Fig. 5d spanning
200–1000 Da and exhibiting an average permeability of ~10.0 ( ±
6.6) LMH bar−150–64. The molecular weight cutoff prob-
ability distributions after fitting the solute exclusion data to a
sigmoidal curve model showed that the composite PES membrane
presented a sharper pore size distribution (based on the ratio of
standard deviation to average MWCO) compared with two
commercial membranes of MWCO ~ 400–500Da: N30F53 and
NDX (Fig. 5c), which were also tested using the same dyes. The
composite membranes also showed a consistent molecular weight
cutoff trend with both positively and negatively charged dyes
(Fig. 5e and Supplementary Fig. 27). A series of steered MD
simulations were conducted on the selected dye molecules, Methyl
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Fig. 4 PAP concentration influences the morphology of self-assembled PAP-BCP aggregates and PAP channels segregate into rafts. a Negative-stain TEM
images show the representative morphologies of aggregates formed at different molar channel-to-polymer ratios (mCPRs). Increasing mCPRs from 0.05,
0.25 to 0.67 resulted in morphology transitions from small vesicles to large vesicles, and finally to flat membranes. Scale bars, 0.1 μm, 0.5 μm, and 1 μm,
from left to right, respectively. b TEM images at high magnification show the microphase separation in PB12 membranes. Uranyl formate selectively stained
PB-PEO. The brighter unstained microdomains of 20–30 nm are PAP channels and the density of these domains increased from low (left, mCPR= 0.1) to
high (right, mCPR= 0.5) channel concentrations. c High-resolution scanning TEM (STEM) and energy dispersive spectroscopy (EDS) map supported the
microphase separation hypothesis. The left is the high-angle annular dark-field (HAADF) image. The right is the HAADF overlaid with uranyl map (green).
The uranyl map aligned well with the PB polymer enriched region. Scale bar, 50 nm. d The packing density of PAP channels in PB12 membranes was ~4.2 ×
105 μm−2, more than two orders of magnitude higher that packing density of CNTs (0.1~2.5 × 103 μm−2)44–46 and block copolymer templated nanopore
membranes (~103 μm−2)47. Scale bar, 40 nm
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Orange (MO, 328Da) and Rose Bengal (RB, 1018 Da), to validate
the experimentally observed selectivity of the channel (Supple-
mentary Fig. 28). We tested the conjecture by “pulling” each
molecule through the central ring of PAP for 10 times and cal-
culating the averaged potential of mean force (PMF) as a para-
meter to evaluate the ability of each molecule to be transport
through the channel. We observed that MO could be pulled
through the channel with relatively small values of PMF ( < 100
kcal mol−1), whereas RB required significantly greater PMF
values ( > 1500 kcal mol−1). During steered MD simulations, the
RB molecule remained stuck in the central ring until the pull-
ing force was sufficient to deform both the molecule and PAP
channel central ring enough to pull the molecule through, as
shown in Supplementary Movies 1 and 2. The existence of sig-
nificantly high free-energy barriers indicate that the transport of
RB would not occur naturally. This series of simulations agree well
with the diameter of PAP channels, earlier molecular transport
studies13, and the molecular weight cutoff experiment of channel-
based membranes in the filtration experiments. In addition, the
channel-based membranes were also able effectively separate a
mixture of methyl blue (800 Da) and MO (328 Da) as shown in
Supplementary Fig. 29, while the commercial NF membranes
N30F and NDX with a MWCO of 400–500Da failed to achieve a
clear molecular separation.

Discussion
The composite membranes (especially modified PES membranes
with porosity one order of magnitude higher than that of PC
membranes) had a permeability of ~60 LMH bar−1 and a cutoff of
450 Da. In order to confirm the contribution of channels to
molecular exclusion, we first performed a block copolymer control

membrane test without PAP channels. Because the PB12-PEO8

only forms micelles or small vesicles during aqueous based self-
assembly (Supplementary Fig. 5)27, synthesizing a control mem-
brane using aqueous self-assembly alone9 was found to be
excessively difficult. As an alternative, we adopted a solvent casting
based method (Supplementary Fig. 30 A, see Supplementary
Methods)10,65 and fabricated a fully covered block copolymer
control membrane (Supplementary Fig. 30C). The control mem-
brane displayed a low permeability (~0.1 LMH bar−1), and almost
complete rejection (~96%) of the smallest dye used in this work
(MO, 328Da). This indicates that the high water transport per-
meability and the MWCO of ~500 Da are attributed primarily to
the transport characteristics of the PAP channels, and not from
the BCPs themselves. Second, the d-spacing between laminar 2D
sheets was determined by X-ray diffraction as conducted in similar
studies for laminar graphene oxide membranes66. This d-spacing
was found to be 1.5 nm (Supplementary Fig. 31) for wet mem-
branes, a spacing that is expected to allow a globular molecule of
~1 kDa to be accommodated67. This result indicates that the
rejection from our membranes was mainly contributed by normal
flow through PAP channels within these 2D sheets rather than the
lateral flow observed between two sheets and then transverse flow
between the sheets as in laminar graphene oxide and graphene
membranes68. In addition, we evaluated the effects of a back-
ground electrolyte on the rejection of dyes. This was done to assess
the potential contributions of electrostatic interactions to the
solute rejection mechanism. The filtration experiments were per-
formed at various ionic strengths. At the highest values of ionic
strength the Debye length (λD) of the solutions became compar-
able or even smaller than pore diameter of the PAP channel
(Supplementary Fig. 32). At this limit, the electrostatic interactions
between the membrane and solutes are effectively screened and
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Fig. 5 2D sheets of PAP[5] channels could be assembled into composite membranes and demonstrated enhanced performance compared with current
commercial membranes. a SEM images showed ~ 100% coverage of PAP[5] 2D sheets on PC and PES membranes after three and four cycles of layer-by-
layer deposition, respectively. Scale bar, 1 μm. b After three and four cycles of deposition on PC and PES membranes, the permeabilities were 3.0 ± 1.2 LMH
bar−1 and 64.8 ± 11.3 LMH bar−1, respectively, (mean ± s.d., n= 3). The permeability of the modified PES membranes is approximately one order of
magnitude higher that of commercial nanofiltration membrane N30F (3.4 ± 0.3 LMH bar−1) and NDX (4.6 ± 0.1 LMH bar−1) with a similar molecular weight
cutoff (MWCO). c The molecular weight cutoff (MWCO) was ~ 450 Da, 370 Da, and 360Da for the modified PES membrane, commercial N30F and NDX
membranes, respectively, as determined from filtration of dyes of various molecular weights. The molecular weight cutoff probability distributions derived
from fitting to a sigmoidal model showed the standard deviation (σ) of modified PES (132 Da) membranes was similar to that of N30F (146 Da) and NDX
(125 Da). The pore size distribution is tighter for the PES membrane with a σ/MWCO ratio of 0.29 compared with 0.35–0.39 for the commercial
membranes. The measured rejection values were corrected using a concentration polarization model and all the cutoff data were fit to a sigmoidal function,
as described in Supplementary Methods. d A comparison of PAP[5] channel-based membrane to other commercial NF membranes shows that within the
cutoff range (400~500Da), the channel-based membrane has one order of magnitude higher permeability and in general is several times higher that
of commercial nanofiltration membranes across the complete range of available data on such membranes from literature50–64. e Photographs of feed
(F) and permeate (P) containing different dye molecules (decreasing MW from left to right in image) for modified PC membranes. Both positively and
negatively charged dyes had similar rejections as shown in Supplementary Fig. 27. Data shown are the average of triplicate measurements with standard
deviation
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electrostatic repulsion does not contribute significantly to the
solute rejection mechanism69. As shown in Supplementary Fig. 32,
both RB and acid fuchsin demonstrated minimal changes in
rejection over this wide range of ionic strengths. This observation
strongly indicates that the electrostatic interactions between solute
and membrane do not contribute significantly to the solute
rejection mechanisms of these channel-based membranes. The
aforementioned experiments demonstrated that the channel-based
size exclusion is the major transport mechanism for our composite
membranes.

The permeability values measured for composite mem-
branes were of the same order of magnitude as the values calcu-
lated from osmotic permeability measurements from stopped-
flow experiments (see Supplementary Methods), with the mea-
sured permeability of composite membranes ~2–3 times larger.
Given the uncertainties and differences in testing at these two
very different scales (nm2 vs cm2 scale) and techniques (osmotic
shock vs. pressure driven flow), we consider this agreement
excellent. In terms of the rejection profile, the MWCO curve was
sharper than those of commercial membranes (Fig. 5c). The
obtained sigmoidal model does not completely rule out that some
transport could occur through channels or defects of sizes dif-
ferent than the 5 Å pore size of the channels across these com-
posite membranes but nevertheless indicates excellent
performance of these first generation membranes. Possible defect
mechanisms may include transport through the interlayer of the
layer-by-layer structure, leakage through gaps between the block
copolymer and the channels, diffusion through the block copo-
lymer matrix itself, and leakage through uncovered substrate
pores. During our fabrication, we tried to minimize leakage to the
best of our ability. The d-spacing analysis demonstrated the
rejection was mainly from the normal flow through PAP pores,
but the lateral flow between layers could still have contributed to
the overall flow. We also performed multiple layer-by-layer
depositions and post chemical crosslinking to enhance the
membrane integrity. In the long term, a fully cross-linked poly-
mer matrix with better physical and chemical compatibility with
channels is desired, and the fabrication process could be further
optimized. However, owing to our ability to generate close to
defect-free composite membranes, the permeability of the current
PAP channel-based membrane is several times higher than cur-
rent commercial nanofiltration and ultrafiltration membranes
with MWCOs from 200 Da to 1 kDa (Fig. 5c, d)53,70, and its
angstrom-scale separation was also demonstrated to be sig-
nificantly enhanced over that of those commercial NF mem-
branes as seen from example dye mixture separation experiments
(Supplementary Fig. 29).

In terms of salt rejection, although PAP channels showed a
similar order of magnitude ion selectivity (K+/Cl− ratio of 10,
corresponding to a permselectivity of 0.83)18 from patch clamp
experiments based on anion exclusion as reported in a recently
published CNTP paper12 (K+/Cl− ratio of 80, corresponding to a
permselectivity of 0.98), we did not observe high NaCl rejection
during hydraulic pressure assisted filtration tests predicted by this
recent study despite having a similar functionalization degree at
the pore entrance. This difference is indicative of challenges in
translating molecular transport properties, especially those from
patch clamp experiments for solute transport on channels, to
filtration performance. We hypothesize that artificial channels
with smaller pore sizes than 5 Å may be needed for complete
rejection of salts in a membrane context. We also recognize the
possibility of imperfections in the polybutadiene domain of the
polymer, particularly where they surround the channel leading to
leakage of small solutes such as salts. A better understanding of
polymer channel physical and chemical mismatch may allow

selection and use of polymers that may be less susceptible to these
possible defects.

In summary, we have fabricated a completely synthetic bio-
mimetic membrane that consists of densely packed PAP artificial
water channels. The resulting membrane maintained high per-
meability and, more importantly, maintained selectivity expected
from the molecular design of these PAP channels. This approach
of combining versatile supramolecular chemistry with careful
self-assembly and membrane fabrication, could allow membranes
with precisely designed angstrom-scale pore size to be con-
structed for next-generation liquid and gas separations.

Methods
Additional details provided in Supplementary Information. Supplementary
Methods provide detailed information about materials and methods utilized in the
current paper, including synthesis of PAP channels and BCPs, preparation of lipid
and polymer vesicles, light-scatting based water transport, giant unilamellar vesi-
cles (GUVs), labeling procedure, FCS, DSSN+ experiments, self-assembly of PAP
channel/polymer aggregates and TEM imaging, FRAP, unit conversion between
osmotic permeability and traditional membrane permeability in filtration, simu-
lation, and fabrication and characterization of PAP 2D sheets based membranes.

Preparation of vesicles and permeability measurement. Polymersomes and
liposomes were prepared by using the film rehydration method. PAP channels were
added to BCPs or 4:1 (mol/mol) phosphatidylcholine/phosphatidylserine mixture
in CHCl3. The mixture was gently dried in a rotary evaporator followed by high
vacuum treatment to remove all solvent. The formed film was rehydrated with 1 ml
buffer containing 10 mM Hepes, 100 mM PEG600, and 0.01% (w/v) NaN3 at pH of
7. The suspension was extruded through 0.2 μm track-etched membranes at least
10 times to obtain monodisperse and unilamellar vesicles, after incubation on a stir
plate at 4 °C overnight. The size of the vesicles was measured using dynamic light
scattering. The water permeability tests of polymer and lipid vesicles were con-
ducted on an SF-300X stopped-flow instrument (KinTek Corp., PA) at 10 °C,
where vesicles were rapidly exposed to a hypotonic osmolyte (10 mM Hepes and
0.01% (w/v) NaN3 at pH of 7). For DSSN+ experiments, 5% (mol/mol) DSSN+
was added into lipid and polymer vesicles during rehydration. After the final vesicle
concentrations were diluted to 3 mgml−1, these vesicles were incubated at 4 °C
overnight. The UV-vis absorbance and emission spectra were scanned on a micro-
plate reader.

Channel labeling and related analysis. PAP channels were labeled with a rho-
damine based fluorophore using a cross-linker dicyclohexylcarbodiimide13. The
labeled channels were used to count the channel number per vesicle in FCS
experiments, visually confirm the channel insertion into polymersomes using
GUVs technique and study the diffusion properties of PAP channels in lipid or
polymer bilayers in FRAP experiments.

Self-assembly of channel/polymer aggregates. PAP channel/lipid aggregates
were produced by a slow dialysis procedure27. First, PB12 or carboxylic PB12
copolymers and PAP channels were dissolved in CHCl3 and mixed at different
mCPRs. After evaporating CHCl3, the film was dissolved in 60 μl rehydration
buffer initially containing 4% (w/v) n-octyl-β-D-glucoside (OG). The PAP channel/
polymer mixture was transferred into dialysis buttons with a 12-kDa cutoff
membrane, where the final polymer concentration was 1 mgml−1. The detergent
concentration (initially 4%, w/v) was gradually lowered by doubling the dialysis
buffer volume with detergent-free buffer every 8 h until the OG concentration in
the dialysis buffer reached 0.25% (w/v). The dialysis buffer was then replaced with
detergent-free buffer three times every 8 h. The polymersomes and PAP channel/
BCPs aggregates were imaged by conventional TEM, Cryo-TEM, energy filtered
TEM and scanning TEM with EDS map.

Simulation methods. We conducted all MD simulations using NAMD71 and used
VMD72 for visualization and analyses. The temperature and pressure in simula-
tions were controlled at 303 K and 1 atm, using a Langevin thermostat and a Nose-
Hoover barostat, respectively. We used the latest version of CHARMM force-field
to simulate water, lipids, and polyethylene oxide73. The parameters used to
simulate the PAP channel were identical to a previous study13. The necessary
polymer chains for BCP membranes were created by first generating monomers
using the molefacture plugin in VMD. Molefacture generates a pdb/psf pair and a
topology file for each monomer. We then patched monomers together using
VMD’s psfgen tool to form BCP chains of desired lengths. An existing patch was
used to generate PEO chains, but new patches were built to join PB polymer blocks
as well as to combine PB blocks with PEO blocks. All missing parameters for PB
blocks and PB-PEO linkage were generated iteratively using the Force Field Toolkit
(FFTk) plugin in VMD in combination with Gaussian quantum chemistry soft-
ware. Specifically, to create PB blocks of any length, we parameterized a PB chain
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containing two monomers for which Lennard-Jones non-bonded parameters were
assigned from existing parameter files in the CHARMM force-field. Gaussian was
then used to optimize the geometry and to assign charges on all atoms. The missing
parameters were generated and optimized using FFTk plugin in VMD and
Gaussian software. All optimized CHARMM-compatible parameters for block
copolymers are reported elsewhere74.

We used the membrane builder plugin in VMD to generate the POPC
membrane. The POPC membrane used in our simulations was 70 Å × 70 Å in size.
However, BCP membranes were generated by first constructing a single polymer
chain of desired length for both PB and PEO blocks. The two independent chains
were then connected using a patch, the parameters of which were optimized as
described above. Each connected PB-PEO chain was then replicated and placed in a
regular 10 × 10 grid pattern over an area of 80 Å × 80 Å (PB12) and 9 × 9 grid
pattern over an area of 80 Å × 80 Å (PB23). All BCP membranes were arranged in a
di-block configuration (Supplementary Fig. 12) prior to equilibration. Pristine PB12
and PB23 membranes contained a total of 200 and 162 polymer chains, respectively.
All BCP membranes were solvated using the solvate plugin in VMD. Water
molecules placed within the PB layer were removed, whereas those that were placed
in the PEO layer were kept. We conducted equilibration simulations of BCP
membranes in three steps. In step 1, membranes were equilibrated in an NVT
ensemble for 0.25 ns using a 1 fs time step after minimizing the system for
4000 steps. All atoms were fixed during the first phase of simulation except for
the PB chains. In step 2, the time step was increased to 2 fs and the system was
restarted after a brief minimization in an NPT equilibration using a constant
area for 0.50 ns. During the second step, we applied external forces using a tcl-script
to keep water molecules out of the PB layer. In step 3, all constraints on water
molecules were removed and the system was restarted for long timescale MD
simulations (Supplementary Table 2). We report equilibrated snapshots of
pristine BCP membranes in Supplementary Fig. 12. We recorded trajectory data
every 20 ps.

The POPC membrane built using the membrane builder plugin in VMD was
first aligned by moving its center of mass to the origin. The PAP channel was then
added to the system and embedded in the membrane by aligning its center of mass
to the origin as well. Any overlapping lipid molecules within 1.5 Å of PAP were
removed. After removing the unwanted lipids, the system was solvated using VMD’s
solvate plugin. Any water molecules placed within the lipid bilayer were removed
from the system. We carried out equilibration simulations of PAP embedded in the
POPC membrane in three sequential steps. In the first step all atoms were kept fixed
except those in the lipid tails. The system was then briefly minimized and
equilibrated in an NVT ensemble for 0.25 ns using a 1 fs time step. The restart files
from step 1 were then used to initiate step 2. During step 2, the system was
equilibrated in an NPT ensemble for 0.5 ns using a 2 fs time step. Previous
constraints placed on lipid and water molecules were released. During this
simulation, the PAP channel was again constrained and a tcl-forces script was used
to keep water out of the lipid membrane. Restart files from this simulation were
used to initiate the final step. In step 3, we released all constraints and carried out
long timescale equilibration simulations in an NPT ensemble using a 2 fs time step.
Specifically, we carried out four independent trajectories of varying lengths
(Supplementary Table 2). We recorded trajectory data every 20 ps. For PAP
embedded in PB12-PEO9 and PB23-PEO16 membranes, we chose equilibrated
configurations from pristine membrane simulations for inserting PAP. A
similar procedure to the POPC membrane was followed for the alignment of PAP in
these membranes, where unwanted polymer chains were deleted. We carried out
three PAP-embedded MD simulations for each BCP membrane (Supplementary
Table 2).

We computed diffusion coefficients using the well-known Einstein’s relation.
The coordinates of all atoms in trajectories were first unwrapped. We divided
trajectories into 20 ns fragments and realigned them to initial frames for computing
the MSD averaged across all 20 ns fragments. Three different diffusivity coefficients
were measured for diffusion of a single PAP channel in the membrane: the overall
diffusivity coefficient, the lateral diffusivity coefficient (in the plane of the
membrane), and the vertical diffusivity coefficient (in the z-direction normal to the
membranes surface). The permeability of the PAP channel was measured using a
collective diffusion model first proposed by Zhu et al.41.

To validate the selectivity of PAP channels, we performed a series of steered MD
simulations on two selected dye molecules75. We chose MO (328 Da) and RB (1018
Da), based on the selectivity experiments of PAP with MO able to transport through
the channel and RB rejected. We tested this conjecture by pulling each molecule
through the central ring of PAP for 10 times (Supplementary Fig. 28C, and 28D).
Structures and parameters for the dyes were generated using the CHARMM-GUI
Ligand Reader and Modeler76. Systems were prepared by taking the initial POPC
simulation structures and adding a single dye molecule displaced 10 Å from the
central ring of PAP. Harmonic constraints with a force constant of 2 kcal mol−1

were placed on the dye and the central ring of PAP to keep them in place while the
rest of the system was equilibrated in the NPT ensemble at 303 K and 1 atm for 25
ns. Pulling runs were performed at a rate of 10 Å ns−1 with a spring constant of
1000 kcal mol−1. Harmonic constraints with a force constant of 2 kcal mol−1 were
kept on the central ring of PAP to hold it in place. The simulation runs were
averaged together and then integrated to construct the potential of mean force for
each molecule (Supplementary Fig. 28E). These free energy values could explain the
selectivity of PAP channels to different dye molecules.

Fabrication and characterization of composite membranes. PAP[5]/PB-PEO
2D sheets were made via the slow dialysis method as mentioned above. Carboxylic
PB12 copolymers were used so that the final 2D sheets were fully carboxylic
terminated. The molar channel to polymer ratio was control within 0.3–0.5 to so
that the majority of the PAP[5]/PB-PEO aggregates were in the form of giant
collapsed vesicles and 2D sheets. A total of 50 nm track-etched PC membranes and
30 nm PES membranes were used as substrates. They were first treated in a UV/
Ozone cleaner for 30 s in order to ionize the surface (the shiny side) to obtain a
negatively charged surface. The cleaned membranes, of 2.5 cm diameter, were
placed onto a stainless steel mesh and assembled into a stirred cell (Model 8010,
Millipore Corp., MA). The membranes were covered with 1 ml polyelectrolyte
solution containing 40 mM PEI (60,000 Da), 35 mM CaCl2, and 0.5 M NaCl at pH
of 5.548. After incubation for 15 min, the solution was discarded, and the mem-
branes were rinsed with DI water and replaced with 10 μl 2D sheets suspension
diluted to 1 ml using the same buffer at pH of 8. The suspension was then filtered
through the membranes after another 15 min. Thus, one layer of PEI and 2D sheets
was physically deposited onto the substrates. After a desired number of layers was
immobilized, the membranes were incubated overnight with 1 mgml−1 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide, 1 mg ml−1 N-Hydroxysuccinimide, and 10
mM potassium phosphate at pH of 7. The incubation chemically cross-linked the
amine groups from PEI and the carboxylic groups from the 2D sheets. We also
prepared the membranes only deposited with PEI as the PEI control membranes.

Carboxylic PB12 BCPs were used for the BCP control membrane fabrication.
Free-standing PB-PEO 2D sheets were prepared by a solvent cast method65. In
brief, 3% poly(vinyl alcohol) (PVA) solution in water (w/v%) was spin coated on
the top of UV/ozone cleaned silicon substrate at 2000 rpm. In toal, 1% PB-PEO
solution in tetrahydrofuran (THF) (w/v%) was prepared by stirring at 600 rpm for
overnight, and this solution was drop-casted on the top of PVA layer and the
casted PB-PEO layer was annealed during the slow evaporation of THF for
overnight. After solvent evaporation, the silicon substrate was gently immersed into
water at a tilted angle, allowing the annealed polymer film floating onto the water
after dissolution of PVA. The supernatant solution, which is containing free-
standing PB-PEO 2D sheets, were used for the block copolymer control membrane
fabrication, using the aforementioned layer-by-layer approach.

The modified membranes were characterized on a scanning electron
microscope at 5 keV. The d-spacing between PAP[5] based 2D sheets of dry and
wet membranes were determined by X-ray diffraction (XRD)66. Flux was measured
at 50 psi, 60 psi, and 70 psi, respectively, after the membranes were compressed at
50 psi for 30 min. A series of small molecular weight dyes with different charges
were selected for rejection tests (Supplementary Table 4). Each dye was dissolved in
DI water at a concentration of 35 μM (except for fluorescent dextran, the
concentration was 6.7 μM) and loaded into a feed tank that was connected to the
10 ml stirred cell. The stirring speed was 300 rpm. The concentrations of different
dye molecules were measured on a UV-Vis spectrophotometer. The initial 10 ml
filtrate was discarded because of the adsorption by polyelectrolyte PEI. After 10 ml
filtration, we observed that the dye concentrations in permeate became constant.
We also observed significant dye rejections of the PAP[5] based membranes, which
indicated a severe concentration polarization in the stirred cell, despite of the 300
rpm stirring employed. The concentrations of feed should be replaced with the dye
concentrations on the membranes. The actual rejection was corrected using the
stagnant film model77,78. We use a simple logistic function (a type of sigmoid
function)79 to characterize the S-shaped curve of the molecular weight cutoff data
and its derivative is a continuous probability distribution, which is a probability
density function can be used to determine the pore size distribution.

Data availability. The raw data that support the findings of this study are available
in Penn State’s ScholarSphere repository with the identifier(s) [https://doi.org/
10.18113/S1KW61].

Received: 11 October 2017 Accepted: 9 May 2018

References
1. Park, H. B. et al. Maximizing the right stuff: The trade-off between membrane

permeability and selectivity. Science 356, eaab0530 (2017).
2. Geise, G. M. et al. Water permeability and water/salt selectivity tradeoff in

polymers for desalination. J. Memb. Sci. 369, 130–138 (2011).
3. Robeson, L. M. The upper bound revisited. J. Memb. Sci. 320, 390–400 (2008).
4. Freeman, B. D. Basis of permeability/selectivity tradeoff relations in polymeric

gas separation membranes. Macromolecules 32, 375–380 (1999).
5. Mehta, A. & Zydney, A. L. Permeability and selectivity analysis for

ultrafiltration membranes. J. Memb. Sci. 249, 245–249 (2005).
6. Lodish, H. Molecular Cell Biology. 6th edn, (Freeman, W. H., New York,

2007).
7. Agre, P. Aquaporin water channels (Nobel Lecture). Angew. Chem. Int. Ed. 43,

4278–4290 (2004).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04604-y ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2294 | DOI: 10.1038/s41467-018-04604-y |www.nature.com/naturecommunications 9

https://doi.org/10.18113/S1KW61
https://doi.org/10.18113/S1KW61
www.nature.com/naturecommunications
www.nature.com/naturecommunications


8. de Groot, B. L. & Grubmüller, H. Water permeation across biological
membranes: mechanism and dynamics of aquaporin-1 and GlpF. Science 294,
2353–2357 (2001).

9. Shen, Y.-x. et al. Biomimetic membranes: a review. J. Memb. Sci. 454, 359–381
(2014).

10. Song, W. et al. Design considerations for artificial water channel–based
membranes. Annu. Rev. Mater. Res. 48, 8.1–8.26 (2018).

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

12. Tunuguntla, R. H. et al. Enhanced water permeability and tunable ion
selectivity in subnanometer carbon nanotube porins. Science 357, 792–796
(2017).

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

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

15. Licsandru, E. et al. Salt-excluding artificial water channels exhibiting enhanced
dipolar water and proton translocation. J. Am. Chem. Soc. 138, 5403–5409
(2016).

16. Schneider, S. et al. Columnar self-assemblies of triarylamines as scaffolds for
artificial biomimetic channels for ion and for water transport. J. Am. Chem.
Soc. 139, 3721–3727 (2017).

17. Kaucher, M. S. et al. Selective transport of water mediated by porous dendritic
dipeptides. J. Am. Chem. Soc. 129, 11698–11699 (2007).

18. Hu, X.-B. et al. Single-molecular artificial transmembrane water channels. J.
Am. Chem. Soc. 134, 8384–8387 (2012).

19. Kita-Tokarczyk, K. et al. Block copolymer vesicles—using concepts
from polymer chemistry to mimic biomembranes. Polymer 46, 3540–3563
(2005).

20. Discher, D. E. & Eisenberg, A. Polymer vesicles. Science 297, 967–973 (2002).
21. Mai, Y. & Eisenberg, A. Self-assembly of block copolymers. Chem. Soc. Rev.

41, 5969–5985 (2012).
22. Rakhmatullina, E. & Meier, W. Solid-supported block copolymer membranes

through interfacial adsorption of charged block copolymer vesicles. Langmuir
24, 6254–6261 (2008).

23. Itel, F. et al. Dynamics of membrane proteins within synthetic polymer
membranes with large hydrophobic mismatch. Nano Lett. 15, 3871–3878
(2015).

24. Cerritelli, S. et al. PEG-SS-PPS: reduction-sensitive disulfide block copolymer
vesicles for intracellular drug delivery. Biomacromolecules 8, 1966–1972
(2007).

25. Zhang, X. et al. Vesicular perylene dye nanocapsules as supramolecular
fluorescent pH sensor systems. Nat. Chem. 1, 623–629 (2009).

26. Peinemann, K.-V. et al. Asymmetric superstructure formed in a block
copolymer via phase separation. Nat. Mater. 6, 992–996 (2007).

27. Kumar, M. et al. High-density reconstitution of functional water channels into
vesicular and planar block copolymer membranes. J. Am. Chem. Soc. 134,
18631–18637 (2012).

28. Klara, S. S. et al. Magnetically directed two-dimensional crystallization of
ompf membrane proteins in block copolymers. J. Am. Chem. Soc. 138, 28–31
(2016).

29. Latimer, P. & Pyle, B. E. Light scattering at various angles: theoretical
predictions of the effects of particle volume changes. Biophys. J. 12, 764–773
(1972).

30. Zeidel, M. L. et al. Reconstitution of functional water channels in liposomes
containing purified red cell CHIP28 protein. Biochemistry 31, 7436–7440
(1992).

31. Saboe, P. O. et al. Role of pore-lining residues in defining the rate of water
conduction by aquaporin-0. Biophys. J. 112, 953–965 (2017).

32. Grzelakowski, M. et al. A framework for accurate evaluation of the promise
of aquaporin based biomimetic membranes. J. Memb. Sci. 479, 223–231
(2015).

33. Bermudez, H. et al. Molecular bility. Macromolecules 35, 8203–8208 (2002).
34. Won, Y.-Y. et al. Cryogenic transmission electron microscopy (Cryo-TEM) of

micelles and vesicles formed in water by poly(ethylene oxide)-based block
copolymers. J. Phys. Chem. B 106, 3354–3364 (2002).

35. Grzelakowski, M. & Kita-Tokarczyk, K. Terminal groups control self-assembly
of amphiphilic block copolymers in solution. Nanoscale 8, 6674–6683 (2016).

36. Garner, L. E. et al. Modification of the optoelectronic properties of membranes
via insertion of amphiphilic phenylenevinylene oligoelectrolytes. J. Am. Chem.
Soc. 132, 10042–10052 (2010).

37. Ren, T. et al. Membrane protein insertion into and compatibility with
biomimetic membranes. Adv. Biosyst. 1, 1700053 (2017).

38. Bowie, J. U. Solving the membrane protein folding problem. Nature 438,
581–589 (2005).

39. MacCallum, J. L. et al. Distribution of amino acids in a lipid bilayer from
computer simulations. Biophys. J. 94, 3393–3404 (2008).

40. Moon, C. P. & Fleming, K. G. Side-chain hydrophobicity scale derived from
transmembrane protein folding into lipid bilayers. Proc. Natl. Acad. Sci. USA
108, 10174–10177 (2011).

41. Zhu, F. et al. Collective diffusion model for water permeation through
microscopic channels. Phys. Rev. Lett. 93, 224501 (2004).

42. Dolder, M. et al. The micelle to vesicle transition of lipids and detergents in
the presence of a membrane protein: towards a rationale for 2D crystallization.
FEBS Lett. 382, 203–208 (1996).

43. Xue, M. et al. Pillararenes, a new class of macrocycles for supramolecular
chemistry. Acc. Chem. Res. 45, 1294–1308 (2012).

44. Holt, J. K. et al. Fast mass transport through sub-2-nanometer carbon
nanotubes. Science 312, 1034–1037 (2006).

45. Ge, L. et al. Vertically-aligned carbon nanotube membranes for hydrogen
separation. RSC Adv. 2, 5329–5336 (2012).

46. Baek, Y. et al. High performance and antifouling vertically aligned carbon
nanotube membrane for water purification. J. Memb. Sci. 460, 171–177 (2014).

47. Xu, T. et al. Subnanometer porous thin films by the co-assembly of nanotube
subunits and block copolymers. ACS Nano 5, 1376–1384 (2011).

48. Rajesh, S. et al. Mixed mosaic membranes prepared by layer-by-layer assembly
for ionic separations. ACS Nano 8, 12338–12345 (2014).

49. Tang, H. et al. Tubular ceramic-based multilayer separation membranes using
spray layer-by-layer assembly. Polym. Chem. 4, 5621–5628 (2013).

50. Bellona, C. & Drewes, J. E. The role of membrane surface charge and solute
physico-chemical properties in the rejection of organic acids by NF
membranes. J. Memb. Sci. 249, 227–234 (2005).

51. Cornelis, G. et al. Nanofiltration of nonionic surfactants: effect of the
molecular weight cutoff and contact angle on flux behavior. Ind. Eng. Chem.
Res. 44, 7652–7658 (2005).

52. Krieg, H. M. et al. Salt rejection in nanofiltration for single and binary salt
mixtures in view of sulphate removal. Desalination 171, 205–215 (2005).

53. Boussu, K. et al. Characterization of commercial nanofiltration membranes
and comparison with self-made polyethersulfone membranes. Desalination
191, 245–253 (2006).

54. Boussu, K. et al. Characterization of polymeric nanofiltration membranes for
systematic analysis of membrane performance. J. Memb. Sci. 278, 418–427
(2006).

55. Braeken, L. et al. Transport mechanisms of dissolved organic compounds in
aqueous solution during nanofiltration. J. Memb. Sci. 279, 311–319 (2006).

56. Plakas, K. V. et al. A study of selected herbicides retention by nanofiltration
membranes—the role of organic fouling. J. Memb. Sci. 284, 291–300
(2006).

57. Schlesinger, R. et al. Evaluation of alkali resistant nanofiltration membranes
for the separation of hemicellulose from concentrated alkaline process liquors.
Desalination 192, 303–314 (2006).

58. Caus, A. et al. The use of integrated countercurrent nanofiltration cascades for
advanced separations. J. Chem. Technol. Biotechnol. 84, 391–398 (2009).

59. Kelewou, H. et al. Salts retention by nanofiltration membranes:
physicochemical and hydrodynamic approaches and modeling. Desalination
277, 106–112 (2011).

60. Rohani, R. et al. A refined one-filtration method for aqueous based
nanofiltration and ultrafiltration membrane molecular weight cutoff
determination using polyethylene glycols. J. Memb. Sci. 382, 278–290
(2011).

61. Zirehpour, A. et al. Unique membrane process integration for olive oil mill
wastewater purification. Sep. Purif. Technol. 96, 124–131 (2012).

62. Azaïs, A. et al. Nanofiltration for wastewater reuse: counteractive effects of
fouling and matrice on the rejection of pharmaceutical active compounds. Sep.
Purif. Technol. 133, 313–327 (2014).

63. Fujioka, T. et al. Nanofiltration of trace organic chemicals: a comparison
between ceramic and polymeric membranes. Sep. Purif. Technol. 136, 258–264
(2014).

64. Luo, J. et al. Separation of phenolic acids from monosaccharides by low-
pressure nanofiltration integrated with laccase pre-treatments. J. Memb. Sci.
482, 83–91 (2015).

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

66. Mo, Y. et al. Cation-dependent structural instability of graphene oxide
membranes and its effect on membrane separation performance. Desalination
399, 40–46 (2016).

67. Zhao, X. et al. Selective anion exchange with nanogated isoreticular positive
metal-organic frameworks. Nat. Commun. 4, 2344 (2013).

68. Abraham, J. et al. Tunable sieving of ions using graphene oxide membranes.
Nat. Nanotechnol. 12, 546–550 (2017).

69. Fornasiero, F. et al. Ion exclusion by sub-2-nm carbon nanotube pores. Proc.
Natl. Acad. Sci. USA 105, 17250–17255 (2008).

70. Xu, L. et al. A wide range and high resolution one-filtration molecular weight
cutoff method for aqueous based nanofiltration and ultrafiltration membranes.
J. Memb. Sci. 525, 304–311 (2017).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04604-y

10 NATURE COMMUNICATIONS |  (2018) 9:2294 | DOI: 10.1038/s41467-018-04604-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


71. Kale, L. et al. NAMD2: Greater scalability for parallel molecular dynamics. J.
Comput. Phys. 151, 283–312 (1999).

72. Humphrey, W. et al. VMD: Visual molecular dynamics. J. Mol. Graph. 14,
33–38 (1996).

73. MacKerell, A. D. et al. All-atom empirical potential for molecular modeling
and dynamics studies of proteins. J. Phys. Chem. B 102, 3586–3616 (1998).

74. Barden, D. R. & Vashisth, H. Parameterization and atomistic simulations of
biomimetic membranes. Faraday Discuss. doi: 10.1039/C8FD00047F (2018).

75. Rathee, V. S. et al. A coarse-grained thermodynamic model for the predictive
engineering of valence-selective membranes. Mol. Syst. Des. Eng. 1, 301–312
(2016).

76. Seonghoon, K. et al. CHARMM‐GUI ligand reader and modeler for
CHARMM force field generation of small molecules. J. Comput. Chem. 38,
1879–1886 (2017).

77. Zydney, A. L. Stagnant film model for concentration polarization in
membrane systems. J. Memb. Sci. 130, 275–281 (1997).

78. Feroz, H. et al. Concentrating membrane proteins using ultrafiltration without
concentrating detergents. Biotechnol. Bioeng. 113, 2122–2130 (2016).

79. Dean, D. C. et al. Modeling healthy male white matter and myelin
development: 3 through 60 months of age. NeuroImage 84, 742–752
(2014).

Acknowledgements
We acknowledge financial support from the National Science Foundation CAREER grant
(CBET-1552571) to MK for this work. Support was also provided through CBET-
1705278 and DMR-1709522 for various aspects of this work. Computations for simu-
lations were performed on Trillian, a Cray XE6m-200 supercomputer at the University of
New Hampshire supported by the NSF MRI program under grant PHY-1229408 (PI:
Joachim Raeder), and on NSF-supported (ACI-1053575) Extreme Science and Engi-
neering Discovery Environment (XSEDE) under grant TG-MCB140029 (PI: Harish
Vashisth). Research in the Bazan lab was supported by the Institute of Collaborative
Biotechnologies through grant W911NF-09-0001 from the U.S. Army Research Office.
We thank Professor Jun-li Hou and Dr. Wen Si from the Department of Chemistry at
Fudan University for their help on channel synthesis. We thank Dr. Ian T. Sines for the
synthesis of some of the PB-PEO BCPs used in this work. Figure 1e, f were kindly
provided by Dr. Karl Decker and Professor Aleksei Aksimentiev from the Department of
Physics at University of Illinois at Urbana–Champaign. The authors thank Jennifer Grey
from the Materials Characterization Lab at Penn State for energy filtered TEM and

STEM with EDS imaging and post analysis and Dr. Nichole M. Wonderling for XRD
experiments.

Author contributions
Y.-x.S., W.C.S., D.R.B., H.V., and M.K. designed the research. P.J.B., G.C.B., W.A.P., R.J.
H., and P.S.C. contributed new reagents or analytic tools. Y.-x.S., W.C.S., D.R.B. per-
formed the research with the assistance of T.R., C.L., H.F., C.B.H., P.O.S., D.T., and H.Y.,
Y.-x.S., W.C.S., D.R.B., H.V., and M.K. analyzed data. Y.-x.S., W.C.S., D.R.B., W.A.P., H.
V., and M.K. wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04604-y.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04604-y ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2294 | DOI: 10.1038/s41467-018-04604-y |www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-018-04604-y
https://doi.org/10.1038/s41467-018-04604-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Achieving high permeability and enhanced selectivity for Angstrom-scale separations using artificial water channel membranes
	Results
	Functional characterization of PAP channels in PB-PEO polymer membranes
	Molecular dynamics simulations of PAP channels in BCP�membranes
	Self-assembly of PAP channels in PB-PEO membranes
	PAP[5] channel 2D sheet composite membranes

	Discussion
	Methods
	Additional details provided in Supplementary Information
	Preparation of vesicles and permeability measurement
	Channel labeling and related analysis
	Self-assembly of channel/polymer aggregates
	Simulation methods
	Fabrication and characterization of composite membranes
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




