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Abstract

Biological membranes are ideal for separations as they provide high permeability while
maintaining high solute selectivity due to the presence of specialized membrane protein (MP)
channels. Several biological membranes also exhibit high channel packing densities, sometimes in
the form of two-dimensional (2D) arrays or crystals. Despite numerous attempts, successful
integration of MPs into practical membranes has remained a significant challenge. Here, we
present an efficient method of preparing 2D crystals and nanosheets of highly packed pore-forming
MPs in block copolymers. We then demonstrate the integration of these unique hybrid materials
into scalable protein-copolymer biomimetic membranes. These protein nanosheet membranes
maintain the molecular selectivity of the three types of B-barrel MPs used, with pore sizes of 0.8
nm, 1.3 nm and 1.5 nm. These biomimetic membranes demonstrate 20-1,000 times greater water
permeability than commercial membranes and 1.5-45 times than that of the latest research
membranes with comparable molecular exclusion ratings, thus providing a superior alternative in
the challenging sub-nm to few-nm size range.



Biological membrane protein (MP) channels', synthetic channels®®, and carbon
nanotubes’ have emerged as promising platforms for the development of separation membranes
with precise molecular selectivity!®. Relative to state-of-the-art commercial membranes!'!> '2,
biomimetic membranes incorporating these pore structures are expected to exhibit high
permeability and selectivity because they possess a high density of channels with a well-defined
pore geometry and functionality designed to exclude or pass specific components from
complicated mixtures® 1*. MP-based biomimetic membranes studied thus far have been limited to
small improvements in performance that are much lower than the orders of magnitude
enhancement anticipated from early experiments!. Current MP-based biomimetic membranes
show 2-3x increases in permeability over commercial membranes'® !> with similar or worse
selectivity. This has been attributed to the use of vesicular morphologies of channel-reconstituted
liposomes'>!7 and the low protein content® ' ! in biomimetic matrices used for membrane
fabrication. In addition, widespread application of MP-based biomimetic membranes developed
so far may be limited due to the use of non-scalable fabrication techniques used for membrane
synthesis (e.g., detergent removal-based self-assembly techniques)'® ?°. Designing membranes
with high packing densities of channel proteins with uniform pore sizes of ~0.5-1.5 nm with less
material- and time-intensive synthesis techniques could provide a path to meet the ultimate
promise of biomimetic membranes in this important solute size range'>?°.

Channel proteins can be regarded as ideal pore geometries because they exhibit transport
properties targeted towards specific small molecule separations, which are necessary to maintain
cellular functions?!. In vivo, passive B-barrel channel proteins are used for the exclusion of large
molecules (such as proteins) while allowing or inducing ion and small molecule permeation (e.g.,
sugars and antibiotics)??. The stability and mutation tolerance of B-barrel proteins make them ideal
candidates for the development of channel protein-based membranes?. Additionally, the p-barrel
structure is a robust scaffold with high thermodynamic stability?*: >4, and can be incorporated in an
oriented and functionally-active form within lipid bilayers?® and amphiphilic polymers?¢-2
demonstrated as trigonal or tetragonal crystal structures®-*°, Their high structural stability can be
attributed to the low enthalpies of denaturation of the transmembrane domains’!' 32, These
precisely-sized and stable protein channels were used in this work for the scalable fabrication of
high performance biomimetic membranes'’.

We present a comprehensive approach to construct biomimetic membranes beginning with
the scalable synthesis of two-dimensional (2D) crystals and nanosheets that contain a high packing
density of B-barrel proteins. (Fig. 1). The membranes fabricated from these 2D materials showed
significant improvements in membrane productivity (water permeability) and maintained designed
selectivity as a result of the high porosities and unitary pore shapes of the protein channels. Three
different pore-forming B-barrel channel proteins, outer membrane protein F (OmpF)??, a mutated
version of a bacterial ferrichrome outer membrane transporter (designated FhuA AC/A4L)'6 34,
and a channel forming protein toxin from Staphylococcus aureus, alpha-hemolysin (aHL)*®, were
selected to demonstrate this approach. These proteins possess unique elliptical or cylindrical pore
dimensions of 0.8x1.08 nm, 1.31x1.62 nm, and 1.50%1.50 nm for OmpF, FhuA AC/A4L, and aHL,
respectively (Fig. 1a, also see Supplementary Information for pore size evaluation details).
Simultaneously achieving precise control over pore sizes in this range, while maintaining
uniformity in pore size and achieving a high porosity, is quite difficult using current membranes.
MP 2D crystal arrays or nanosheets were created by reconstituting these channel proteins into



poly(butadiene)-b-poly(ethylene oxide) (PB-PEO) di-block copolymers (BCPs) through two self-
assembly strategies: detergent removal by dialysis (dialysis method) and self-assembly from BCP-
MP films deposited using organic solvent evaporation (solvent method) (Fig. 1b). The dialysis
method is known to be capable of assembling protein and artificial water channels into ordered 2D
crystal arrays" 2% 3¢ and artificial channels into highly packed 2D nanosheets®’. However, this
“slow dialysis” method takes ~6 days to complete and translating such a time-intensive process to
larger scales is not practical. In this work, we introduce a unique solvent-based method for the
preparation of 2D protein channel nanosheets. The surprising success in formation of nanosheets
and 2D crystals of channel proteins with BCPs by the solvent method resulted in a significant
decrease in the process time from 6 days to ~2 hours. Moreover, it had the added benefit of
reducing the usage of MP-compatible detergent, which is often a high-cost specialty chemical®.
The prepared 2D crystals or nanosheets were deposited onto commercial porous support
membranes using a layer-by-layer technique®’ to form continuous and defect-free selective layers
(Fig. 1¢). Water permeability of all tested channel-based membranes showed orders of magnitude
improvements (20-1000x) over current polymeric nanofiltration (NF) membranes with
comparable molecular exclusion ratings. These permeabilities were 293 + 51 L m™ h'! bar’
(denoted as LMH bar™), 793 + 226 LMH bar’!, and 2,107 = 235 LMH bar! (all values mean + s.d.,
n > 3) for OmpF, FhuA AC/A4L, and oaHL-based biomimetic membranes, respectively.
Additionally, these membranes exhibit the molecular exclusion performance inferred from their
structures with molecular weight cut-offs (MWCOs) of ~480, ~1,130, and ~930 Da for OmpF,
FhuA AC/A4L, and aHL-based membranes, respectively. These results demonstrate the potential
of utilizing B-barrel channel proteins to tailor membrane selectivity within a critical separation
range, while realizing high permeability enhancement.
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Fig. 1 | Stable p-barrel channel protein-polymer-based scalable membranes. a, Three distinct B-barrel
channel proteins were used: (i) OmpF from E. coli (PDB: 20MF) that excludes proteins but allows small sugars,
nutrients and antibiotics to pass through, with in silico estimated pore sizes of 0.8x1.08 nm, (ii) FhuA AC/A4L
from E. coli that originally forms part of a larger pore complex for active ferrichrome-iron and antibiotic
transports but is engineered with its central alpha-helical plug removed as a passive pore in this work, resultant
pore size of 1.31x1.62 nm, (iii) alpha hemolysin, a self-assembled structure created by Staphylococcus aureus
to porate cell membranes, with an estimated pore size of 1.50x1.50 nm (PDB: 7AHL) b, Two self-assembly
methods to construct high density 2D B-barrel channel protein-BCP crystals or nanosheets by self-assembly
using (1) detergent dialysis method, a slow detergent removal process with a 6-day dialysis process, and (2)
organic solvent extraction method, a 2-hour self-assembly process with addition of chloroform and methanol
mixture to protein and polymers, then solvent evaporation, followed by aqueous rehydration. (c) Schematic
illustration of the layer-by-layer membrane fabrication procedure with densely packed B-barrel channel protein-
BCP nanosheets on porous substrates. These scalable channel protein-incorporated biomimetic membranes
achieved precise molecular selectivity while demonstrating high water permeability.

Results and Discussions

Reconstitution of B-barrel protein channels into porous 2D nanosheets

2D materials with uniformly-sized internal pores have various advantages in terms of
membrane development. Porous sheet-like structures can be used to form defect-free but thin
selective layers that lead to high productivity!®. Unitary pore structures can provide desirable
molecular selectivity properties based primarily on molecular sieving effects.

Three pore-forming f-barrel membrane proteins, OmpF, FhuA AC/A4L, and aHL, were
selected based on their unique pore dimensions of 0.8x1.08 nm, 1.31x1.62 nm, and 1.50%1.50 nm,
respectively, and reconstituted into 2D porous nanosheet structures. Amphiphilic PB-PEO BCPs
were used as membrane matrices due to their higher chemical and mechanical stability compared
to native lipids®® **-*! as well as their physical and chemical compatibility for membrane protein
insertion> >, We first used a dialysis-based method for the formation of 2D nanosheet structures.
In this method, the assembly kinetics of the proteins and BCPs are controlled through the gradual
removal of high concentrations of detergents from a ternary mixture of protein, BCP, and detergent
via dialysis (Fig.1b (1))"?%37. Assembly of OmpF proteins and PB-PEO BCPs using this method
resulted in hexagonally-packed 2D protein crystals at protein to polymer ratios (PoPR, w/w) of
0.2-0.6, similar to that reported in our previous study?®. As observed by negative-stain transmission
electron microscopy (TEM), micron-scale BCP-OmpF crystals were formed using the dialysis
methods (Fig. 2a). Fast Fourier transform (FFT) analysis of the electron diffraction pattern from
TEM with the Focus software* (Fig. 2b) identified a hexagonal unit cell with lattice dimensions
of a = b =~18 nm and y = 120°". These dimensions are similar to those reported in our previous
study on BCP- OmpF 2D crystals®® and indicates a pore packing density of ~3.2x10* pores um 2.
This pore density represents the ultimate packing density of OmpF in block copolymers and
demonstrates that the protocols we use for MPs leads to a high performance material and provides
a way to get over the limited packing density of ~ 10° pores pm2 in vesicle-based systems. A
similar dialysis protocol was also applied to FhuA AC/A4L and oHL proteins with PoPR of 0.2-
0.35 and 0.25-0.4, respectively, in order to prepare highly packed MP-BCP 2D nanosheets. As
shown in Fig. 2e and f, both FhuA AC/A4L and aHL proteins were successfully integrated into 2D
nanosheet structures. No evidence of crystallinity was seen for these two proteins.

Removing detergents via dialysis is a well-established, but slow method of preparing MP
2D crystals and nanosheets in lipids**** and more recently in polymers?®. Generally, this process



takes 3~6 days to be completed®® >4, Furthermore, MP-BCP 2D crystal formation by dialysis*?
requires a large amount of specialty non-ionic detergent per preparation, which could be a factor
limiting the scalability of this technique*®. Hence, to shorten the time required for 2D nanosheet
assembly and minimize the usage of detergents, we explored a new approach to prepare 2D protein
crystals and nanosheets, which is referred to as the solvent method in this work. This new approach
was inspired by reports on the extraction of hydrophobic membrane proteins from native cell
membranes using organic solvents*’. The high stability of the B-barrel structure also provided an
impetus to pursue the development of this technique, which relies on the hypothesis that the (-
barrel proteins used would maintain their structure when exposed to solvents during the short
processing time utilized. While not needed in this effort, a different f-barrel protein was mutated
to improve its thermal and solvent stability*® indicating that the solvent resistance of these proteins
can be even further evolved, if needed, in future implementations.

The solvent method utilized included three steps: (1) mixing proteins and BCPs in a
methanol/chloroform (MeOH/CHCIl3) mixture (50% v/v) at specific PoPRs, (2) evaporating
solvents to form protein/BCP films on glass surfaces, and (3) rehydrating the protein-BCP films
using aqueous buffer solutions (Fig.1b (2)). The hydrophobic outer surfaces of the selected MPs
allowed them to be readily dissolved in the MeOH/CHCIl3 solvent mixture. We propose that, upon
addition of BCPs dissolved in organic solvents to the protein solution, the hydrophilic surfaces of
the B-barrel proteins were associated with hydrophilic PEO blocks and protected from the organic
solvent environment by the hydrophobic PB block. This is similar to the protein stabilizing
mechanism demonstrated in a recent study on protecting protein structure and function in organic
solvents through the use of heteropolymers containing random hydrophobic and hydrophilic
blocks of predefined domain sizes*’. During the solvent evaporation step, the polymer/BCP are
mixed with detergent containing MPs to form films containing detergent, BCP and MPs.
Subsequent film rehydration enables detergents to be diluted below their critical micelle
concentration (CMC), allowing them to escape from protein/BCP/detergent complexes to the
aqueous buffer solution. This detergent removal likely induces MP-BCP re-orientation into
assembled 2D structures. We propose that when the dry polymer stabilized membrane protein film
containing a small amount of detergent is hydrated in aqueous buffer, the detergent is diluted to
much below its CMC leading to a similar self-assembly process as is seen with the detergent
dialysis method. It is unclear why in this case the process is so rapid while in the dialysis based
detergent removal process, the detergent removal kinetics need to be much slower according to
previous studies®®. The solvent method required just ~2 hours with much lower detergent use and
is thus more time and resource efficient. The elimination of detergent use during membrane
assembly is an important step towards making 2D crystal/nanosheet biomimetic membranes more
economical as membrane protein compatible detergents are major cost components of biomimetic
membranes>®.

The success of using the solvent method in the preparation of porous protein nanosheets
was confirmed by TEM analysis. OmpF-BCP nanosheets prepared using the solvent method
showed identical crystal forms to the OmpF crystals (hexagonal unit cells as inferred from the FFT
patterns) prepared using the dialysis method (Fig. 2d). Successful formation of nanosheets of aHL
and FhuA AC/A4L proteins was also identified by TEM analysis as shown in Fig. 2f and
Supplementary Fig. 1.



Fig. 2 | 2D crystals or nanosheets of three B-barrel channel proteins reconstituted in BCP membrane
matrices. Negative-stain transmission electron microscopy (TEM) images of OmpF 2D crystals prepared by a,
dialysis and ¢, solvent method illustrates the characteristic morphologies of microscale 2D flat nanosheets. TEM
images at high magnification with diffraction spots (insets) by fast Fourier transformation (FFT) of OmpF crystal
images formed by b, dialysis and d, solvent method reveal the high degree of protein incorporation and
crystalline structures. Negative-stain TEM images of e, oHL nanosheets and f, FhuA AC/A4L constructed by a
dialysis method demonstrate 2D nanosheet formation. The scale bar is 100 nm and the scale bar in the insets is
10 nm ™.

Integrity of pore-forming B-barrel protein structures in crystals formed from the MP-BCP-
MeOH/CHCIs solvent mixtures

Preserving the structures of pore-forming 3-barrel sheets, after processing in MeOH/CHCl;
solvent mixtures was of critical importance, because denatured proteins may lose the unique pore



structures that form the basis of this work. Circular dichroism (CD) spectroscopy was performed
to confirm that the structural integrity of the three protein channels was retained after nanosheet
formation via the solvent method process.’! Nanosheets formed by the more established dialysis
method were also characterized for comparison. As shown in Fig. 3a, the CD spectra of OmpF
detergent-solubilized proteins revealed a positive peak near 200 nm and a negative peak around
220 nm, reflecting the predominantly B-sheet structure of the protein®2. For OmpF 2D crystals
prepared by the dialysis and solvent method, similar representative peaks were observed near 220
nm, qualitatively suggesting that the B-barrel structure of OmpF was similarly maintained
throughout both crystallization processes. Specifically, CD spectra peaks were shown to be red-
shifted from purified proteins (216.8 nm), to crystals (dialysis method: 218.4 nm and solvent
method: 220 nm). These shifts are expected due to the highly-aligned configurations of the B-barrel
sheet structures within the 2D crystals. This phenomenon is also seen in the crystal structure of
E.coli OmpF porins obtained in lipidic cubic phases (3POQ) (at 221 nm)** >* (Fig. 3a and
Supplementary Fig. 2). This slight red shift of the peak position could be attributed to absorption
flattening optical effects that are a consequence of the ordered distribution of peptides within a
crystalline structure®®>°. The protein secondary structure content was estimated by fitting CD
spectra with JWMVS-529 Multivariate SSE analysis program with 26 reference proteins. The
structural content of OmpF (Supplementary Table 1) indicates that B-sheet content of OmpF 2D
crystals in BCPs increases compared to that of OmpF proteins in detergent and is close to that of
lipidic cubic phase OmpF crystals (3POQ). This implies that OmpF 2D crystals not only preserve
B-barrel structures after crystallization but also organize OmpF proteins into ordered and large
aggregates in BCP membrane matrices. The peak position occurring at less than ~200 nm could
not be characterized owing to the strong absorption at shorter wavelengths from the rehydration
buffer (10 mM Tris, 1.2% OG, pH7.4) we used for crystallization (Supplementary Fig. 3). As
shown in Figs. 3b, ¢, the secondary structure analysis of FhuA AC/A4L and aHL CD spectra also
provides confidence that nanosheet assembly by both solvent and dialysis method can conserve -
sheet structures similarly. The secondary structure of FhuA AC/A4L-BCP and oHL-BCP
nanosheets prepared by solvent and dialysis method showed higher percentage of -sheet content
than that of FhuA AC/A4L and oHL in detergent micelles, indicating a high packing density of
proteins in BCP membrane matrix (Supplementary Table 1).
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Fig. 3 | Circular dichroism spectroscopy (CD) results of -barrel channel protein (black line) and protein-
copolymer crystals or nanosheets using a dialysis (red line) and solvent (blue line) method represent that
the p-barrel structures were preserved after the solvent based crystallization process, a, OmpF b, FhuA
AC/AA4L ¢, aHL. All quantitative analyses were fitted by multivariate secondary structure analysis from JASCO
software (JWMVS-529 Multivariate SSE analysis, JASCO). Generally, the peak positions less than 200 nm
could not be characterized due to the strong absorption of rehydration buffer at short wavelengths. The lower
peaks from crystals in panels b, and ¢, resulted from low protein concentrations in crystal solutions and
adsorption flattening optical effects but the essential features are preserved between the two self-assembly
methods as described in the text.

Integration of porous channel nanosheets into scalable membranes

The formation of thin selective layers created through the deposition of 2D nanosheets on
porous support membranes has been demonstrated recently for graphene oxide sheets>® 7 and
metal-organic frameworks nanosheets®® >°. Recently, we developed a modified layer-by-layer
deposition technique to fabricate artificial water channel-based membranes®’ from 2D sheets of
polymer-channel composites. This method was adapted for membrane fabrication here and MP-
based membranes was first assembled into a dead-end filtration setup (Model 8010, Millipore
Corp., MA) of membrane active area, 4.1 cm?®. In Fig. 4a, a scanning electron microscopy (SEM)
micrograph demonstrates the representative deposition of a hexagonal micron-sized OmpF crystal
on the surface of a track-etched polycarbonate (PC, Whatman® Nuclepore™, UK) substrate. For
molecularly-thin multi-layered membrane development, selective layer stability is a critical
challenge that must be addressed because the constituent layers are susceptible to delamination if
the interlayer interactions are weak®. Therefore, to confer stability to the membranes, PB-PEO
BCPs with carboxylic acid-terminated PEO blocks were used in crystal formation. The carboxylic
acid groups were chemically crosslinked with the amines of the polyethylenimine (PEI) polymer
layers deposited between each layer of nanosheets (Fig. 1c, see SI for details)®’. To optimize the
membrane fabrication process, OmpF-membranes prepared with different number of deposition
layers were tested and it was identified that at least six-repeated depositions (6-layered
membranes) were required to achieve ~100% coverage of nanosheets on the support membranes,
as seen in Fig 4a-c where all support pores are covered as well as from the cross-sectional overview
of a cryogenic scanning electron microscopy (cryo-SEM, Fig. 4b). This claim is further supported



by the transport characteristics of the membranes, which are discussed in more detail in the
following section. The selective layers of 6-layered OmpF-membranes were around 250 nm thick
(Fig. 4c¢), which is close to the theoretically calculated thickness, ~200 nm (see SI for details).
High-resolution scanning TEM (STEM) and energy dispersive spectroscopy (EDS) mapping
suggested that enriched nitrogen species were present at or near the surface and sulfur elements
only appeared at the bottom support, indicating the formation of the OmpF-nanosheet selective
layers on top of the a commercial polyethersulfone (PES, MP005, Microdyn Nadir™) support.
Some nitrogen species shown within the PES (MP005) membrane may be attributed to residual
poly(vinyl pyrrolidone) used as additive during manufacturing of PES ultrafiltration membrane,
the likely penetration of the N-containing chemical crosslinkers throughout the fabrication process
and some permeation of small OmpF 2D nanosheets or proteins during the pressure-driven
deposition process. (Figs. 4d-f). Further demonstration of OmpF-membrane deposited on an
aluminum oxide (Al2O3)-based membrane (0.02 pm Anodisc, Whatman®) showed a clear
boundary between OmpF-BCP nanosheet selective layers (nitrogen enriched) and Al,Oj3 substrates
(aluminum enriched) by EDS mapping (Figs. 4g-i). The fabrication of OmpF 2D nanosheets on
polymeric and inorganic substrates indicates the versatility of the layer-by-layer fabrication
process employed.
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Fig. 4 | 2D OmpF nanosheets can be assembled on a polycarbonate (PC) and polyethersulfone (PES, MP005)
substrate. a, Top view of a scanning electron microscopy (SEM) image of a single OmpF crystal on a PC support.
The scale bar is 1 um. b, Overview of a cross-sectional Cryo-SEM image of OmpF 2D nanosheets on a PES substrate.
The scale bar is 20 um. ¢, Cross-sectional Cryo-SEM image of a deposited selective layer of OmpF nanosheets on a
PES (MPO005) substrate, thickness of OmpF-embedded scalable membrane was measured at 232.2 = 24.8 nm. High-
angle annular dark field (HAADF) STEM image of OmpF 2D nanosheets fabricated on the d, PES (MP00S5) substrate
with elemental maps of e, nitrogen (red) and f, sulfur (cyan) and on the g, aluminum oxide substrate with elemental
maps of h, nitrogen (red) and i, aluminum (green). The scale bar is 200 nm.

Membrane performance of B-barrel channel protein-BCPs biomimetic membranes
Membrane performance was characterized by measuring water permeation rates and solute
rejection for a series of small molecular weight dyes in a dead-end filtration setup. The three f3-
barrel channel protein-embedded membranes exhibited unique small molecule separation
performance with high water permeation rates compared to current commercial membranes. The
MWCOs of these membranes were characterized by reporting the MW of the solute that was
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rejected at 90% under standard operating conditions (Supplementary Table 2). The rejection
properties of OmpF 2D nanosheet-embedded membranes reached the expected MWCO as more
nanosheet layers were deposited (Supplementary Fig. 4). Specifically, the MWCOs of
membranes with 6-layers of nanosheets deposited were ~470 Da and ~500 Da for membranes with
nanosheets prepared by the dialysis method and the solvent method, respectively. These values are
close to the exclusion limit of native OmpF proteins of ~500-600 Da, determined using an in vitro
vesicle reconstitution approach with radioactive hydrophilic solutes®!. These results demonstrate
that OmpF 2D crystal-embedded selective layers were successfully fabricated on a porous PES
support and maintained their expected transport performance. Additionally, the performances of
the OmpF crystal-membranes formed with dialysis and solvent methods were nearly identical as
discussed subsequently. The other two channel protein-based scalable membranes also manifest
sharp and unique exclusion limits of ~920 Da and ~1100 Da for aHL (dialysis) and FhuA AC/A4L
(dialysis) membranes, respectively (Fig. 5a and Supplementary Fig. 5). Membranes with 2D
sheets created using the solvent method exhibit similar MWCOs (Supplementary Figs. 6a, b).
These molecular exclusion limits also confirm that channel proteins conserve their specific pore
geometries in BCP membrane matrices with previously proposed MWCO of less than 2,000 Da
for FhuA AC/A4L by poly(ethylene glycol)s (PEGs) partitioning and transport in a patch clamp
set up'® as well as the region of 1,000 to 4,000 Da for aHL52-%4,

In addition to specific dye selectivity, these channel protein-based membranes can have
other potential applications (Supplementary Table 4). For example, aHL-based membrane was
shown to be capable of filtering virus particles (MS2 bacteriophage) with >4 log (or >99.99%)
removal efficiency with applied pressure of 5 psi, meet the water treatment US EPA requirement,
a performance on a par with commercial nanofiltration membranes, but need to be operated at the
pressure of 50 psi (Supplementary Fig. 7a and see SI for details). Furthermore, only aHL
membrane can also be used for 100-fold concentration of virus stock solutions with a recovery of
~80% whereas the commercial membrane does not offer this capability (Supplementary Fig. 7b).

In addition to demonstrating tailored selectivity consistent with the channel protein pore
size, the three channel protein-embedded membranes also demonstrated rapid and stable water
permeation with applied pressure of 5 psi. Comparatively, commercial membranes with similar
MWCOs of ~1,000 Da, NPO10 (Microdyn Nadir™) and GE (Osmonics™ GE) had to be tested at
an applied pressure of 50 psi to show appreciable flux (Fig. Sb). Data on stability and performance
as the number of layers of crystal deposition was increased was also collected to decide on a 6-
layer deposition (Supplementary Fig. 8) and these membranes were found to be stable with
applied pressure of ~30 psi, which might be upper limit pressure for a layer-by-layer membranes
in this study (Supplementary Fig. 9-12). However, given the very high permeability of these
membranes, we do not think these pressures are something that might be expected to be used in
practice for such membranes due to the high concentration polarization and fouling that may result
at high fluxes that would correspond to higher pressures being used®>: ¢°.

The water permeability of three [-barrel channel protein-embedded biomimetic
membranes were ~ 293 + 51 LMH bar’! for OmpF (dialysis), 724.5 + 225.9 LMH bar! for FhuA
AC/A4L (dialysis), and 1,092 + 79.4 LMH bar! for oHL (dialysis)-based scalable membranes
(mean + s.d., n = 3) (Fig. Sc¢). Membranes with 2D sheets created using the solvent method also
demonstrated similar water permeabilities (Supplementary Fig. 5c). These 6-layered protein
composite membranes prepared using dialysis and solvent methods showed equivalent membrane
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performance in terms of separation properties (MWCO) and permeability indicating that the -
barrel pore structures and their function were preserved. These results recapitulate the advantages
of solvent method over dialysis, especially from the perspective of process time and cost efficiency

for membrane development.
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permeability for the higher pore size FhuA AC/A4L-based membrane compared to [JHL may be a
result of molecular interactions between water molecules and the pore wall which could have a
higher impact than mere pore size at these nm length scales. As shown in the Supplementary
Table 3, the values of inner pore-wall hydrophobicity (see SI for details), as indicated by
AGWater-ethanol 51,6597 (from the Kyte-Doolittle (KD) hydrophobicity scale), for FhuA AC/A4L
(-70.4 kcal/mol) is lower than that of aHL (-84.3 kcal/mol). This indicates that the inner pore of
FhuA AC/AA4L is less hydrophobic and more likely to form more hydrogen-bonded interaction
with the permeating water molecules, which further lead to the lower permeability compared to
aHL proteins.

MP-based membranes exhibited orders of magnitude higher permeabilities relative to state-
of-the-art polymeric NF membranes (Fig. 5c¢). For accurate comparison, two commercial
membranes, NP010 and GE, which are rated to have MWCOs of ~1000 Da, were tested with the
same experimental setup for their permeability values. Even though the commercial membranes
had MWCO values similar to the value determined for the protein membranes, the water
permeability of the control GE and NPO10 membranes were 1.6 = 0.6 LMH bar™! and 13.2 + 0.5
LMH bar’!, respectively compared to over ~300 LMH bar™! for all the MP-based membranes tested
in this study.

In addition to assembling our MP-based membranes in a small Amicon Stirred Cell Model
8010 (Millipore Corp., MA) which accepts membranes of 4.1 cm? area, we also deposited the 6-
layered aHL nanosheets into the larger filtration setup, Amicon Stirred Cell Model 8400 (Millipore
Corp., MA) with a filtration area of 41.8 cm?, as demonstrated in the Supplementary Fig. 13a.
This three-inch diameter (41.8 cm?) aHL membrane demonstrated rapid and stable water
permeation with applied pressure of 5 psi (Supplementary Fig. 13b) with a water permeability of
~1,178 LMH bar’! (Supplementary Fig. 13¢), similar to that of 4.1 cm? membrane. Additionally,
this aHL membrane also maintained 98% rejection of fluorescent dextran, 3 KDa and 39%
rejection of acid fuchsin as observed with the 4.1 cm? membrane. Furthermore, an in situ
deposition technique was applied to deposit aHL-embedded membrane on a PES (MPO005)
substrate in a cross flow cell (CFO16D, Sterilitech) with a ~14.4 cm? membrane area
(Supplementary Fig. 14 a-d). The water permeability was measured to be 1,358.2+144.0 LMH
bar! for control PES (MP005) membrane and 1,325.6+43.8 LMH bar! for aHL-embedded
membrane, which is similar in performance to that obtained during dead-end filtration (1,092 +
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79.4 LMH bar') (Supplementary Fig. 14 e). The water permeability was maintained for more
than 120 hours before we conducted dye rejection tests (Supplementary Fig. 14 f and 14 g) which
resulted in similar rejection profiles as in the dead-end tests. The rejection properties included
99.1% rejection for Blue dextran (5 KDa), 93.9% for Fluorescent Dextran (3 KDa) and 13.1 % for
Acid Fuchsin, which are similar to those obtained from concentration polarization corrected dead-
end filtration cell results.

The extremely high permeability of the protein-based membranes led us to ask if the porous
support membranes were well matched to our active filtration layer. There have been reports in
literature indicating that the design of membrane support has a major impact on the performance
of composite membranes®®. Most experiments in this work were conducted with a PES (MP005)
support with a measured permeability of 1,296 £ 64 LMH bar!. While this seems to be a
reasonably high permeability for our OmpF composite membranes to be built on (with a
permeability of ~300 LMH bar™!), we suspected that this support might be limiting for the aHL
nanosheets-embedded membranes (permeability of 1,092 + 79.4 LMH bar!). When oHL
nanosheets were supported on a more permeable 0.03 um PES support (3,039 + 136 LMH bar™,
(Sterlitech Corp., WA), the composite membrane (designated aHL") demonstrated an even higher
water permeance of 2,107 + 235 LMH bar’!, while maintaining a similar MWCO of 1,030 Da as
that with the less permeable support. A similar trend in permeability was observed when OmpF
crystals were supported on less permeable track etched polycarbonate (PC) support membranes
compared to the PES (MP005) membranes (Supplementary Fig. 15a). Thus, for these highly
permeable selective layers derived from 2D MP nanosheets, support selection and design are of
critical importance.

Extensive comparison of OmpF, oHL, and FhuA AC/A4L-based membranes to
commercial membranes highlights significantly enhanced membrane performance of channel-
based membranes (Fig. 6). MP channel-based membranes manifested ~20 to 1,000-fold enhanced
water productivity over commercial membranes as a result of high pore packing densities of
protein channels in the self-assembled 2D crystals and nanosheets. Specifically, the OmpF-
membrane has ~20 times greater pure water permeability than the highest permeability commercial
membrane, NF270 (water permeability of 14.7 + 0.7 LMH bar™! with MWCO of 400 Da) and ~100
times greater permeability than N30F previously tested on the same experimental setup in our lab*’.
In the separation range between 500 Da to 1,200 Da, aHL nanosheets supported on PES (Sterlitech
Corp., WA) membrane demonstrates almost 1,000-fold water permeability of ~ 2000 LMH bar!
over the GE membrane (water permeability of 1.5 + 0.4 LMH bar! with MWCO ~1,100 Da).

Remarkably, OmpF-membranes show approximately an order of magnitude higher
permeability than our recently reported artificial channel based membranes of a similar MWCO
(PAP[5] membranes, MWCO ~ 500 Da)*’. This corresponds to the tradeoff between expected two
order higher single channel permeability of OmpF? compared to PAP[5] channels> *7 and the one
order lower effective cross sectional area of MPs compared to artificial channels. These two
opposing trend correspond to the one order increase in permeability of OmpF membranes
compared to PAP[5] membranes created using a similar approach. Compared to current research
membranes (Supplementary Table 5), for the OmpF size range of ~ 500 Da, the OmpF membrane
has ~1.5 times greater pure water permeability than the highest permeability research membrane,
Tp-Bpy thin film (water permeability of 211 LMH bar™! with MWCO of 585 Da) which is slightly
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higher in pore size than our membrane. In the separation range between 800 Da to 2,400 Da,
membranes in this study represented by oaHL nanosheets supported on PES, demonstrates almost
45-fold water permeability of ~ 2,000 LMH bar! over the Torlon & sPPSU membrane (water

permeability of 82.5 LMH bar with MWCO ~1,000 Da).
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Fig. 5 | Three pB-barrel channel protein-copolymer based scalable membranes demonstrate distinct
molecular separations and enhanced pure water permeability compared with current commercial
membranes. a, The molecular weight cutoffs (MWCOs) measured were ~490 Da, ~480 Da, ~930 Da and ~1,130
Da for OmpF (solvent), OmpF (dialysis), aHL (dialysis), FhuA AC/A4L (dialysis) channel protein-embedded
biomimetic membranes, respectively, as determined from filtration of dyes of various molecular weights and
fitting to a sigmoidal model®. b, Plot of water filtration volume vs time of OmpF, aHL, FhuA AC/A4L (dialysis)
based biomimetic membranes (filtration under 5 psi), NP0O10 and GE commercial membranes (filtration under
50 psi). ¢, The water permeability of three B-barrel channel protein-embedded biomimetic membranes were 293
+ 51 LMH bar, 724.5 + 225.9 LMH bar’!, and 1,092 + 79.4 LMH bar! for OmpF (dialysis), FhuA AC/A4L
(dialysis), aHL (dialysis), demonstrating one or two order of magnitude higher permeability than commercial

membranes.
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Fig. 6 | Comparison of water permeability (LMH bar') and MWCO (Da) of membrane protein based
membranes with commercial NF or UF membranes tested in the same experimental setup. The results
clearly demonstrate that the f-barrel channel protein-based membranes have an order to almost three orders of
magnitude higher permeability than commercial NF membranes with the MWCO ratings from 50 Da to 3,000
Da. aHL* represents composite membranes with aHL nanosheets supported on a highly permeable 0.03 um PES
(Sterlitech Corp., WA) support as compared to aHL indicating membranes supported on a lower permeability
MPO005 PES support used for all membranes. The dashed line (at a water permeability value of 20 LMH bar™")
represents the upper limits of water permeability of current commercial membranes in the challenging sub
nanometer to few nanometer separation ranges. The commercial membranes were tested with additional 200
mM NaCl to screen out charge effects.

Conclusions and outlook

In summary, pore-forming membrane protein channels, OmpF, aHL and FhuA AC/A4L,
were successfully integrated into membranes at close to practice-relevant centimeter size scales,
along with development of a preparation method to create highly packed channel-nanosheets using
a rapid (2-hour) organic solvent-based technique. The functionality and structure integrity of
membrane protein channels in 2D crystals or nanosheets have been preserved. Resulting
biomimetic membranes demonstrated one to three orders of magnitude higher water permeability
than commercial nanofiltration membranes and 1.5 to 45 times higher permeability than the latest
research membranes with similar separation ratings while maintaining their expected high small
molecule solute selectivity. This result implies that membrane performance could be precisely
designed through functional channel modification and their integration into membranes.
Additionally, these biomimetic membranes can be applied at low pressures (~5 psi) to maintain
high fluxes, thus reducing power consumption substantially. This approach of combining channel
proteins and BCPs through scalable self-assembly and further development of the layer-by-layer
MP membrane fabrication technique highlights the promise of developing MP-based biomimetic
membranes for future applications where the exquisite specificity and functionality of channel
proteins can provide effective small molecule separations.
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