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Figure 1(a)

Figure L(b)

Figure 1(c)

The structure has a porous substrate, a metal coating on the surtace of the porous sub-
strate, an intermediary layer on the surface of the metal coating, and a thin film having a
transmembrane protein is incorporated therein. Also disclosed is a method of making the
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PORE-SPANNING BIOMIMETIC MEMBRANES
EMBEDDED WITH AQUAPORIN

RELATED APPLICATION

This application claims the benefit of Singapore Provisional Application No.
201103837-9, filed on May 26, 2011. The entire teachmgs of the above apphcatlon

are mcorporated herein by reference.
BACKGROUND OF THE INVENTION

Forward osmosis (FO) has shown great potential in many water treatment

- applications, such as industrial waste water treatment, landfill leachate

concentration, liquid food concentration, and wastewater reclamation in space. As
the osmotic pressure is the only driving force in the forward osmosis process, high
water permeability and water select1v1ty are the two most important criteria for
choosing membrane materials.

Biomimetic membranes demonstrate the greatest potential for impfoving
forward osmosis performance, and it is estimated that biomimetic membranes can
have a Water permeability far superior to current state-of-the-art forward osmosis
polymer membranes. However, such membranes can lack the mechanical strength
and stability necessary in commercial applications. The performance of a
biomimetic membrane is highly dependent on the integrity of the selective layer and
the density of the water channel inside the membrane. Key hurdles in fabricating
planar biomimetic membranes are (1) defect formation owing to the thin and fragile
self-assembled bilayer; and (2) low coverage of the porous substrate because of
weak interface interaction between the sclective layer and the substrate.

Thus, there is a need to incorporate aquaporin into a matrix with a desired
configuration that permits water to pass through and to assemble ultrathin

biomimetic membranes into useful forms with improved mechanic strength and

stability.
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SUMMARY OF THE INVENTION

' Disblosed herein is a biomimetic membrane and its supporting substrate.
The structure has a porous substrate, a metal coating on the surface of the porous
substrate, an intermediary layer on the surface of the metal coating, and a thin film
having a transmembrane protein is incorporated therein. The thin film is layered on
top of the intermediary layer and spans one or more pores of the substrate. The
transmembrane protein can be an aquaporin, such as AqpZ. The porous substrate
can be alumina, polycarbonate, or other polymeric membranes prepared from phase
inversion, for example cellulose acetate or sulfonated polyethersulfone or
polyacrylonitrile. The metal coating on the porous substrate can be gold, silver,.
platinum, palladium, or any combination thereof. The intermediary layer can be
polyethylene gl‘ycolv, can have methacrylate groups, or can be functionalized with a
photoreactive crosslinker, such as the acrylic acid derivatfves methylacrylic acid,
ethyl acrylate, methyl methacrylate, or combinations thereof. The thin ﬁlm can be
1,2-dimyristoy]-sn-_glycero-3;phosphocholine (DMPC) or a block copolymer, such
as poly(2—methyloxazoline)—block—poly(dimethylsiloxane)-_block—poly(Z-
methyloxazoline), which is more commonly referred to as PMOXA-PDMS-
PMOXA. The block copolymer can be PMOXA ,-PDMSs4-PMOXA 5. The block
copolymer can be less than 20 nm thick. The block copolymer can have a molecular
weight of the hydrophilic block from 500 to 2500 and a molecular weight of the
hydrophobic block from 2500 to 10,000. The hydrophilic to hydrophobic weight
ratio can be from 1:4 to 2:3. The block copolymer can be PMOXA-PDMS-PMOXA
(500-2500-500), PMOXA-PDMS-PMOXA (1000-4000-1000), PMOXA-PDMS-
PMOXA (1300-5000-1300), PMOXA-PDMS-PMOXA (1600-5600-1600), or
higher. ,

Figures 1(b) and 1(c) illustrafe a schematic representation of a biomimetic
membrane on a porous substrate. In Figure 1(b), the biomimetic membrane is
formed on a carboxylated polyethylene glycol (PEG) cushion chemisorbed on a gold
layer that was deposited on a porous alumina. In Figure 1(c), the biomimetic

membrane is formed on a methacrylate cushion chemisorbed on a gold layer that

was depbsited on polycarbonate.
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Disclosed herein is a method for preparing a biomimetic membrane and its
supporting substrate. The method includes incorporating a transmembrane protein
into vesicles, such as by rehydrating a dry film of phospholipids or block copolymer
in a suitable buffer and adding a solution containing the transmembrane protein in a
detergent. After the detergent is removed, the vesicles are formed. The ‘
multilamellar vesicle solution can then be extruded using a polycarbonate membrane
to control the vesicle size. The vesicles are then fused onto the surface of aAporous
substrate having a metal coating and an intermediary layer.

To produce a metal-coated substrate, a thin layer of metal is coated on the
substrate by physical vapor deposition. The intermediary layer can be chemisorbed
onto the metal-coated substrate, for example by incubating the metal-coated

substrate with a solution that forms the intermediary layer. The intermediary layer

.. can be polyethylene glycel (PEG), preferably Carboxyl-PEG-SH. Alternatively, or

in combination, the substrate surface can be functionalized, such as by

chemisorption of an intermediary layer having a photoreactive crosslinker.

The vesicles are fused to the thin film by incubating them together or by
crosslinking them together, such as by exposing them to UV light. Optionally, the -
vesicles can be fused in the presence of a gentle vacuum from approximately 500 -
mbar to approximately 970 mbar. Optionally, the intermediary layer can be
crosslinked to the thin film in order to rupture the vesicles and obtain a pore-
spanning membrane.

Disclosed herein is a method of using the biomimetic membrane and
supporting structure to perform osmosis. The structure is placed between two
solutions of differing osmolarity. |

The methods disclosed herein can be used to form structures having
improved mechanical properties. Without wishing to be bound to any particular
theory, it is believed that by providing an intermediate layer, a greater number of
transmembrane aquaporin channels can be incorporated into the thin film. The
aquaporin extends slightly beyond the lipid bilayer because the hydrophilic portions
are larger than the hydrophilic heads of lipids. Without an intermediate layer, the
hydrophilic portions of the aquaporin directly contact the solid support. It is
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believed that the inclusion of an intermediate layer acts as a spacer to prevent the
aquaporin channels from diréctly contacting the porous substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more pafticular

description of example embodiments of the invention, as illustrated in the

‘accompanying drawings in which like reference characters refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis

~ instead being placed upon illustrating embodiments of the present invention.

Figure 1(a) is a schematic representation of a biomimetic membrane formed

directly on a porous alumina support.

Figure 1(b) is a schematic representation of a biomimetic membrane formed

- ona c_arboXylated PEG cushion chemisorbed on a gold layer that was deposited on a -

porous alumina support.

Figure 1(c) is a schematic representation of a biomimetic membrane formed
on a methacrylate cushion chemisorbed on a gold layer that was deposited on a
porous polycarbonate support. ' ,

Figures 2(a) and 2(b) are graphs showing the kinetics of water permeability
through vesicles in a stopped-flow apparatus.

Figure 3 is a graph showing the effect of increasing AqpZ content on the
permeability of DMPC vesicles. |

Figures 4(a) and 4(b) are Field Emission Scanning Electron Microscope

(FESEM) images of empty alumina substrates (a) before gold coating and (b) after

gold coating.

Figures 4(c) andv4(d) are atomic force microscopy (AFM) images of empty
substrate :(c) plain porous alumina, (d) porous alumina coated with a 60nm gold
layer.

Figures 4(e) and 4(f) are atomic force microscopy (AFM) images of (e) the
DMPC membrane of the design of Figure 1(a) and (f) the DPMC membrane of

Figure 1(b).



WO 2012/161662 . _ PCT/SG2012/000186

10

15

20

25

'-5—

Figure 5 is a force indentation curve for a pore-spanning biomimetic
membrane of Figure 1(a) prepared from DMPC-AqpZ vesicles having a lipid protein
ratio (LPR) of 2000:1. | |

Figur‘es'6(a) and 6(b) are hisfograms of (a) rupture forces and (b) indentation
depths for the DMPC membrane in Figure 1(a). '

Figures 6(c) and 6(d) are histograms of (c) irupture forces and (d) indentation

depths for the DMPC membrane in Figure 1(b).

~ Figure 7(a) is an illustration of a scheme for preparing a pore-spanning _
membrane having an embedded aquaporin. |

Figure 7(b) is an illustration of a Scheme for modifying the surface of an
intermediary layer. | '

Figure 7(c) is an illustration of a scheme for making an ultrathin pore-
spanning membrane. _

| Figure 8 is a graph showing the kinetics of water permeability through
vesicles in a stopped-flow apparatus (The curve on the top is for AqpZ incorporated
ABA block copolymer vesicles and fhe bottom one is for the control sample without
AqpZ). |

Figure 9 is a graph showing the effect of increasing AqpZ content on the
permeability of ABA block copolymers vesicles.

Figure 10(a) is an FESEM image of a top surface view of an empty
polycarbonate substrate before the formation of the planar pore-spanning biomimetic
membrane.

o F igur¢ 10(b) is an FESEM image of a cross-sectional view of an empty

polycarbonate substrate before the formation of the planar pore-spanning biomimetic

membrane.

Figure 10(c) is an FESEM image of a top surface view of a polycarbonate
substrate after the formation of the planar pore-spanning biomimetic membrane.
Figure 10(d) is an FESEM image of a cross-sectional view of apolycarbonate

substrate after the formation of the planar pore-spanning biomimetic membrane.
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Figure 11 is a schematic illustrating a static test of forward osmosis

- performance using a biomimetic membrane (pressure retarded osmosis (PRO)

mode).
Figure 12 is a graph showing the effect of AqpZ content and draw solution
concentration on forward osmosis water flux.

Figure 13 is a graph showing the effect of quZ content on forward osmosis

-water flux in sea water desalination.

DETAILED DESCRIPTION OF THE INVENTION

The membrane structure and support can be prepared as follows. The |
membrane is prepared on, and spans across, a porous substrate. Examples of porous
substrates that can be used are alumina, track-etched polycarbonate film and’
bolyr;ieric membranes, such as cellulose acetate. In preferred embodiments, the

substrates are fully porous, have a smooth surface, and have a pure water

‘permeability greater than 1000 L/m*Ml/bar. Preferably, the substrates have auniform

pore size and do not have torturous pores. The pore size of the substrate can be

bétween about 20 nm and about 100 nm.

Substrate surface preparation -
A metal layer is coated onto the surface of the substrate by, for example,
physical vapor deposition. The metal can be gold, silver, platinum, palladium, or
any combination thereof. The thickness of the metal coating on the surface can be in

the range of about 40 nm to about 60 nm.’ Preferably, the thickness of the metal

* coating can be optimized according to the pore size to avoid the pore narrowing

effect. For example, a gold coating of about 50 nm is recommended for a membrane

support having a 50 nm pore size.

Next, the metal coated substrate ié modified by adding an intermediary layer.

The intermediate layer can be chemisorbed onto the metal coated porous substrate.

. An example of an intermediary layer is carboxylated polyethylene glycol (PEG),

which can be incubated on the metal coated porous substrate so that the PEG
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- molecules can be chemisorbed by self-assembly of thiol groups. As described more

fully with respect to Example 1, the bifunctional-PEG polymer cushion significantly
enhances the flexibility of thin film on the substrate and gives rise to higher atomic
force microseopy (AFM) breakthrough forces when Aquaporin Z is reconstituted
into the pore-suspending membrane on the bifunctional-PEG coated substrate. The

PEG polymer cushion has the advantages of acting as a spacer between the

‘membrane and the porous substrate and is believed to preserve the functional

structure of the aquaporin. Although the local membrane mechanical stabﬂity can
be further improved by increasing the AqpZ content, an optimal ratio of AgpZ to
lipid or block copolymer is needed to achieve the highest forward osmosis (FO).
performance. In some insfances, the optimal molar ratio of AgpZ to lipid or block

copolymer is 1:100. The block copolymer can have a molecular weight of the

. hydrophili¢ block from 500 to 2500 and a molecular weight of the hydrophobic

block from 2500 to 10,000. The hydrophilic to hydrophobic weight ratio can be
from 1:4 to 2:3. The block copolymer can be PMOXA-PDMS-PMOXA (500-2500-

500), PMOXA-PDMS-PMOXA (1000-4000-1000), PMOXA-PDMS-PMOXA

(1300-5000-1300), PMOXA-PDMS-PMOXA (1600-5600-1600), or higher. In
some instances, the ABA block copolymer can be PMOXA-PDMS-PMOXA (1000-
4000-1000). '
Optionally, the intermediary layer can be functionalized with photoreactive
crosslinkers. Any combination of chemicals that can functionalize the surface with
photoreactive bonds can be applied. Examples of photoreactive crosslinkers |
include, but are not limited to, acrylic acid derivatives. Exemplary acrylic acid
derivatives include, but are not limited to, methacrylic acid, ethyl acrylate, methyl
methacrylate, and combinations thereof. Specifically, for grafting the primary amine
monolayer, cystamine dihydrochloride, glutathione, thiol-polyethylene glycol-
amine, peptides a.rrd proteins with thiol ends can be used. To conjugate the primary
amine monolayer with methacrylate chemicals in the water phase, methacrylic acid,
butyl acrylate, carboxyl- polyethylene glycol-methacrylate can be used. For
conjugation occurring in the oil phase, methacrylate chemicals, such as acryloyl

chloride, can be used.
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Alternatively, the layer-by-layer modification can be reversed. The first
monolayer-is not necessarily thé primary amine monolayer. For example, the first
monolayer can be the carboxylated-monolayer. Chemicals such as 3-
mercaptopropiénic acid, lipoic acid, glutathione, thiol- polyethylene glycol-
carboxyl, peptides and proteins with thiol ends can be applied for the first layer, in
which case chemicals such as amine-polyethylene glycol-methacrylate, 2- _
isocyanatoethylmethacrylate will be needed in the sequential modification. “The first
method is preferred because only a few combinations of conjugating chemicals are
required.

Surface modification is also not limited to layer-by-layer modification. For
example, when the substréte is porous alumina, the surface can be modified directly

by acryloyl chloride or 2-isocyanatoethylmethacrylate so that a thin layer of

- photoreactive crosslinker can be constructed.

Thin film preparation

The transmembrane water channel protein is incorporated into the thin film
that will span across the pores of the substrate. The transmembrane water channel
protein can be an aquaporin. Prefefably, the aquaporin can be AqpZ, which is
derived from E. coli.

The thin film can be phospholipids or block copolymers. Phospholipid or
block copolymers having a hydrophilic to hydrophobic weight ratio from about 1:4
to about 2:3 and an unsaturated bond at the hydrophilic end can embed the

transmembrane water channel protein and form the planar pore-spanning membrane.

" The phospholipid or block copolymer can be less than 20 nm thick. The thin film

can be a lipid bilayer, a single block copolymer, a mixture of different block
copolymers, or a mixture of block copolymers and lipid. The thin film can
preferably be dissolved in a detergent solution and form vesicles at neutral pH.
Lipids, particularly phospholipids, having a phase transition temperature
lower than 37 °C can incorporate AqpZ. A preferred phospholipid is a 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC).
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The block copolymer can be a diblock copolymer or a triblock copolymer,
such as an ABA triblock copolymer. Preferably, the thin filmisa UV- -
polymerizable block copolymer. A preferred block copolymer is poly(2-
methyloxazoliﬁe)-block-poly(dimethylsiloxane)-block-poly(2-methylof(azoline),
which is abbreviated as PMOXA-PDMS-PMOXA. More preferably, the block
copolymer can be PMOXA ,-PDMSss-PMOXA ;. More preferably, the block
copolymer is less than 20 nm thick. The block copolymer can be approximétely
20% to approximately 25% hydrophilic (by molecular weight), with the remainder
hydrophobic. The block copolymers can carry photoreactive crosslinkable
functional groups at the hydrophilic ends, such as the acrylic acid derivatives
previously described. | ’ |

The transmembrane protein can be incorporated into the thin film by
rehydrating the lipid or bl‘ock copolymer and then mixing in a solution con_taining
the trah_smembrane protein and detergent. The protein is reconstituted into the
bilayer, and the detergent can be removed by dialysis or with biobeads. The vesicles
are extruded with a polycarbonate membrane to control the vesicle size. Preferably,
the pore size of polycarbonate membrane is larger than the pore diameter of the
porous substrate |

The vesicles are then fused onto the prepared substrate, which can be done/
by incubating the vesicles with the porous substrate. Optionally, a gentle vacuum
can be applied to aid the fusion process. For example, the vacuum can be
approximately 500 mbar to approximately 970 mbar. Optionally, the mixture can be
gently stirred. After fusion, the vesicles are ruptured to obtain pore-spanning flat
membranes. The vesicle can be ruptured by osmotic shock or strong interfacial
interaction. Alternatively, if the membrane and the porous substrate contain
photoreactive crosslinkable functional groups, the vesicles can be ruptured by UV
crosslinking polyrherization. Crosslinking also stabilizes the overall membrane |
structure. Preferably, the UV polymerization is carried out below 37 °C under argon
protection. Optionally, the ruptured vesicles can be spread to obtain the pore

suspending membrane.
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The membranes thus prepared according to the methods described above can
be used in water treatment applications, such as reverse osmosis and forward
0Smosis. | |

The following specific examples illustrate the disclosure herein, and are not
intended to limit the scope of the invention. The teachings of all publications cited

herein are incorporated by reference in their entirety.

Example 1: Preparation of a biomimetic membrane suspended by a PEG
cushion
Example 1 illustrates the detailed preparation and characterization of a

biomimetic membrane suspended by a PEG cushion.

Example 1.1 AqpZ ihcorporation and membrane permeability measurenient
Aquaporin was inserted into lipid vesicles to investigate the compatibility of

aquaporin and lipids. In this example, the lipid used was 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC). The vesicle suspension was prepared by the
film rehydration method. The dry film of DMPC was rehydrated in 1x PBS buffer.-
The multilamellar vesicles solution was extruded using a polycarbonate niembrane;
to control the vesicle size. For reconstitution experiments, I1mg/ml in 9 mM
dodecyl-B-d-maltoside (DDM) was added during the formation of lipid vesicles and
the mixture was stirred until the vesicles were formed. Then, the detergent was
removed with biobeads. The proteoliposomes were then extruded.

- The permeability of the liposome and the proteoliposome Was determined
using the stop-flow method. Vesicles were rapidly mixed with a hyperosmolar
sucrose buffer, which causes water to permeate from the vesicle to an environmental
solution and results in vesicle shrinkége. The vesicle size changes were detected by
light scattering recorded at an emission wavelength of 577 nm in a stop-flow
apparatus. The measuring temperature was 25 °C. As vesicles shrink, light
scattering increases. Thus, an increase in the signal corresponds to a reduction in

vesicle size, whichh can be fitted to an exponential rise equation as follows:
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Y = A4 exp(—k) D

where Y is the intensity of signal, t is the recording time (seconds), A 1s a constant,
and k is the iniﬁal rate constant (s"). The osmotic water permeability can be

calculated from Equation (2):

Pf = i 2

(S/Vo)VyAosm

where S is the vesiclé surface area (m?), Vo is the initial volume of vesicles (m?), Vy
is the partial molar volume of water (0.018L/mol), Aysm is the osmolarity difference
that drives the shrinkage of vesicles (osmol/L), and P¢is the osmotic water
permeability, in m/s.

Liposofnes and proteoliposomes wére rapidly mixed with a 600 mosmol/l
sucrose solution as described in Borgnia et. al. Journal of Molecular Biology 1999;
291: 1169-1179.

The initial rise of the light scattering signal was fitted by using Equation (1)
and the penneabilify was determined from Equation (2). Figure 2 isa graph

showing the kinetics of water permeability through vesicles in a stopped-flow

apparatus. The data was normalized to between 0 and 1. The solid lines represent |

the exponential fitting curves. Figufe 2(a) shows an increase in the relative light
scattering signals with and without AqpZ incorporated inté the DMPC vesicles at a
protein to lipid molar ratio of 1:2000. The initial time rise for AqpZ-DMPC vesicles
was between 20 and 30 ms, whereas the DMPC vesicles needed 2.5 s to reach
equilibrium. The calculated permeabilities of DMPC and AqpZ-DMPC vesicles are
8.33x107 and 252 cm/s, respectively. F igure 2(b) is a graph showing the rise in
light scattering between 0 and 10 s for the DMPC vesicles. | .

The incorporation of AgpZ led to a 3000-fold greater permeability compared
to the pristine DMPC vesicles, thus demonstrating the reconstitution of AqpZ into
the DMPC vesicles with a functional configuration. AqpZ was then reconstituted at
different protein to lipid molar ratios as shown in Figure 3.. The observed
permeability increased rerharkably and was then followed by a sharp decrease while

the protein-lipid molar ratio varied from 1:6000, 1:4000, 1:2000 to 1:1000.
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Example 1.2: Pdre—_suspendi_ng membrane preparation |
Two configurations were designed as illustrated in Figures 1(a) and 1(b). In
the design of Figure 1(a), vesicles were ruptured directly on a porous alumina
substrate (Synkera Technologies, Inc., Longmont, Colorado, USA) by the interfacial
interactions method. Without wishing to be bound by any particular theory, it is
believed that vesicles are ruptured because they have electrostatic interactions with
the alumina support. ‘In the design of Figure 1(b), the alumina substrate was

modified by physical vapor deposition of 40-60 nm layer of gold. Then, Carboxyl-

PEG-SH (1mg/ml ethanol solution) (JenKem Technology USA Inc., Allen, Texas,

USA) was incubated on the gold-coated porous alumina for more than 24 hours so

that the PEG molecules were chemisorbed on gold by self-assembly of thiol groups.

.. Liposomes and proteoliposomes were incubated with the porous alumina diréctly

above vthe phase transition temperature of phospholipids for 2-8 h. Finally, the
vesicles were ruptured on the PEG polymer cushion by the Interfacial interactions
method. Without wishing to be bouhd by any particular theory, it is believed that
vesicles are ruptured because they have electrostatic interactions with the carboxyl -
groups on the PEG cushion.

F igure' 4(a) and 4(b) are Field Emission Scanning Electron Microscope
(FESEM) images of empty alumina substrates (a) before gold coating and (b) after
gold coating. The pore diameters before and after gold coating are estimated to be
80+10 nm and 90+10 nm, respectively.

" Figures 4(c) and 4(d) are atomic force microscopy (AFM) images of empty

substrate (c¢) plain porous alumina, (d) porous alumina coated with a 60nm gold

| layer. Figures 4(c) and (d) show the hexagonal structure obtained by AFM and the

pore-to-pore distance remained at about 170+10nm before and after gold coating.
The theoretical maximal penetration depth (hgept), which was dépendent on both the
tip geometry (i.e., the radius of the tip, Ry;p) and the pore topology (i.e., the radius of

the pore, Rpore), was about 125nm according to this equation hdepth=Rporez/2Rﬁp as

‘used by Steltenkamp et. al. Biophysics Journal 2006; 91: 217-226. In practice, the

experiments showed that the penetration depth observed in the profile in Figure 4
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was 45+15 nm for the empty substrate and it was reduced to 40+10 nm after the gold
coating. ‘ v o
Figures 4(e) and 4(f) are atomic force microscopy (AFM) images of (e) the
DMPC membrane of the design of F.igure 1(a) and (f) the DPMC membrane of
Figure 1(b). One can easily identify membrane-covered and —uncovered pores from
the height profiles of these two designs in Figures 4(¢) and 4(f). A comparison of
penetration depth between Figures 4(c) and (e) as well as Figures 4(d) and (f) show
that there was a 70% drop in penetration depth (i.e., from 45+15 nm to 1545 nm,
and from 40+10 nm to 15+5 nm, respectively), revealing that DMPC liposomes had

fused and formed the pore-spanning membrane on top of the porous alumina.

Example 1.3: Force indentation measurements of pore-suspending membrane
The local mechanical properties of the membranes were tested by coriducting
force indentation experiments in the center of the unsupported membrane-covered

pores with a constant piezo-electric velocity of 0.5 um s™ at a temperature of 20+1

°C. The force curve was recorded for more than 150 times at different pores.

. The force ihdentation measurements were performed in the center of the
pore-suspending membrane in order to obtain the elastic response of the membrane.
~ Figure 5 is a force indentation curve for a pore-spanning biomimetic
membrane of Figure 1(a) prepared from DMPC-AqpZ vesicles having a protein to
lipid ratio of 1:2000. After the initial contact between the tip and the membrane, the
membrane was indented until it ruptured. Hard-wall repulsions were visible in some

cases when the tip hits the pore walls at the maximal indentation depth.

Example 1.4: Effect of Carboxylated-PEG on the local mechanical stabilities of
membranes
Figures 6(a) and 6(b) are histograms of (a) rupture forces and (b) indentation
depths for the DMPC membrane in Figure 1(a). Figures 6(c) and 6(d) are
histograms of (c) rupture forces and (d) indentation depths for the DMPC membrane

inF igure 1(b).
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Comparing Figures 6(a) and 6(c), the membrane of Figure 1(b) shows a
narrower rupture force distribution. Thus, the PEG polymer layer was able to
smoothen the rough alumina surface with its soft polymer chains. In other words,
the PEG polymér layer could ease packing of lipids, effectively dissipating
indentation stresses and improving the membrane stability. The mefnbrane

suspended on a substrate having carboxylated-PEG coating layer (i.e., the membrane

of Figure 1(b)) exhibited an average breakthrough force of 2.3+2.1 nN, which is

relatively comparable to the average breakthrough force of 3.7+2.0 nN for the
membrane suspended directly on porous alumina substrate (i.e., the membrane of
Figure 1(a)).

Comparing Figurés 6(b) and 6(d), the membrane of Figure 1(b) shows a |

greater penetration depth. The membrane dilatation during AFM indentation could

- be estimated by adopting the geometry of a hemisphere to imitate the surface

morpho_logy of the indented membrane. The significant difference in penetration
depths of the two designs implies that the lipid layer might flow from the edge into
the pores upon indentation due to the soft PEG polymer cushion of the membrane of

Figure 1(b), which increases the flexibility between the membrane and the substrate.

Example 1.5: Effect of AqpZ on the local mechanical stability of membranes |
Upon indentation, a normal force was applied on the pore-suspending
membrane. If the membrane was fixed on the substrate, there would be an increase
in the lateral tension. The two-dimensional (2D) Young’s modulus might be
applicable to describe the lateral tension within the membrane between AqpZ and

DMPC, as the maximum strains produced from these interactions can be represented

by the Young’s modulus:

h3
F=2mEp= (3)

where F is the rupture force (nN), E;p is the Young’s modulus (N/m), h is the
penetration depth (nm), and r is the hole radius (nm). The bending rigidity of the
membrane can be estimated as ~0.1E,pd”, where d is the bilayer thickness of 4.5 nm,

as described in Goncalves et. al. Nature Methods 2006; 3: 1007-1012.
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Table 1: Local mechanical properties of membrane upon AFM indentation

Membrane Rupture force (nN) | Penetration 2D Young’s

depth (nm) modulus E;p
Nm*

DMPC on the membrane of Figure 1(a) 3.7£20 26+8 0.06+0.05

DMPC on the membrane of Figure 1(b) | 2.3£2.1 | | 4713 -

AQPz-DMPC on the membrane of Figure | 3.7+2.3 24+14 --

1(b) (LPR 6000) |

AQPz-DMPC on the membrane of Figure | 4.2£3.4 32+8 --

" 1(b) (LPR 4000) ' ‘
AQPz-DMPC on the membrane of Figure | 6.0+3.0 : 31+18 0.13+0.09
1(b) (PR 2000)

AQPz-DMPC on the membrane of Figure | 12.0+4.8 24+14 0.35+0.02
| 1(b) (LPR 1000)

*The E,p can only be obtained only when the membrane is relatively fixed
on the pore upon indentation.

Table 1 lists the rupture forces and penetration depths of membranes having
different surface functionalization and AzpZ concentration. After incorporating
AqpZ, the average breakthrough force increased when compared to the DMPC layer
that did include AqpZ. Even at a very high lipid-to-protein ratio (LPR=6000), the
increase of the average breakthrough forces was visible. As the LPR ratio decreased
from 6000 to 1000, the breakthrough force increased drastically from 3.7.to 12.0 nN.
Meanwhile, the penetration depth also decreased, indicating that the membrane
became less flexible on the top of the PEG polymer cushion. The bending rigidity
of the DMPC-AqpZ (L.PR 2000:1) membrane (~59kgT) was larger than the bending
modulus of a pristine DMPC bilayer (~13 kgT). As the LPR value decreases to
1000:1, the bending rigidity increased to ~160kgT, indicating that the AqpZ.
molecules might respond to mechanical stresses less actively than DMPC molecules.
Hence, the incorporation of AqpZ improved the energy barrier required for

membrane rupture.
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Example 2: Preparation of a biomimetic membrane suspended by a thin layer
_ | of methacrylate cushion
Example 2 illustrates the detailed preparation and‘characterization ofa

biomimetic membrane suspended by a thin layer of methacrylate cushion, as shown

in Figure 1(c).

Example 2.1: Substrate surface functionalization with photoreactive crosslinker
Figure 7(a) is an illustration of a scheme for preparing a pore-spanning
membrane having an embedded aquaporin. First, the surface of the porous substrate
was modified with a photoreactive crossiinker. As shown in Figure 7(b), a gold
coated porous polycarbon.ate membrane was modified by physical vapor deposition

of a 40-60 nm layer of gold. Then, the gold-coated polycarbonate membrane was

. incubated with cysteamine solution (0.1-1.0 mg/ml in PBS solution) for more than

12 hours at 4°C so that a thin layer of cysteamine was chemisorbed on the gold by

self-assembly of thiol groups. The modified polycarbonate membrane was then

.further activated by N-Hydroxysuccinimide / 1-ethyl 3-(3-dimethylaminopropyl)

carbodiimide (NHS/EDC) and the resulting membrane was further immersed in

acrylic acid (2-10% wt) PBS solution for more than 12 hours at 4°C. The membrane

substrate was washed thoroughly before use.

Example 2.2: AqpZ incorporation into ABA block copolymer vesicles

AzpZ was incorporated into a thin film of the block-copolymer PMOXA ;-
PDMSs4-PMOXA (; (molecular weight 6000). The vesicle Suspenéion was prepared
by the film rehydration method. The dry ﬁlm of PMOXA |>-PDMS;54-PMOXA (>

was rehydrated in 1x PBS buffer. An AQPz solution of 1mg/ml in 9 mM dodecyl-B-

d-maltoside (DDM) was added during the formation of the block copolymer
vesicles, and the mixture was stirred until a homogeneous mixture was formed. The
detergent was removed by using biobeads. The proteopolymersomes solution was
then extruded using a polycarbonate track-etch membrane to control the vesicle size.
The pore diameter of the polycarbonate membrane in this study was 50 nm. The

resultant concentration of proteopolymersome was 0.5-10 mg/ml.
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Example 2.3: Preparation of planar pore-spanning biomimetic membranes through
2-D UV crosslinking |
Figure 7(c) is an illustration bf a scheme for making an ultrathin pore-

spanning membrane. The modified polycarbonate membrane was ifnmobilized by
using an alumina tap on a ceramic funnel with a porous support on the top. The
proteopolymersome solution was purged with argon slowly for 10 minutes and was
droppéd onto the surface of the polycarbonate membrane support upon appilication
of a vacuum of approximately 920 mbar. Gentle stirring was perfdrmed for 10
minutes. The 2-D crosslinking of AqpZ énd amphiphlic material was performed by

UV irradiation on the membrane complex for 15 minutes at 4°C.

Example 2.4: AgpZ incorporation and membrane permeability measurement

" The water-permeability of the PMOXA 12-PDMSs;-PMOXA |, membranes
with and without AqpZ incorporated therein was measured similarly to Example 1.1.
Vesicles were rapidly mixed with a 1M NaCl solution (osmolar pressure = 2
osmolar/L), which éauses water to permeate from the vesicle and simultaneously
results in vesicle shrinkage. The shrinkage of the vesicle size with and without ‘
AqpZ was detected by light scattering and recorded at an emission wavelength of
577 nm in the stop-flow apparatus. The measuring temperature was 25°C. As
vesicles shrink, light scattering increases, and thus an increase in the signal
corresponds to a reduction in vesicle si.ze.

" The initial rise of the light scattering signal was fitted by using Equation (1)

and the permeability was determined from Equation (2). Figure 8 is a graph

showing the kinetics of water permeability through vesicles in a stopped-flow

apparatus, and it shows the increase in relative light scattering signals with and

without incorporation of AqpZ into the ABA block copolymer membrane at 25°C. _

“The initial time rise for AqpZ-ABA vesicles was between 0 and 20 ms, whereas no

" obvious size change was found for the pristine ABA block copolymer vesicles

although the size variation was recorded for 10s. The calculated permeability of

AqpZ-ABA copolymer (molar ratio: 1:200) vesicles was 2.59x10% pm/s. The
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incorporation of AqpZ led to a great improvement in the permeability of the
membrane; demonstrating the réconstitution of AgpZ into the ABA block copolymer
vesicles with a correct configuration. |

AqpZ was then reconstituted at different protein polymer ratios as shown in
Figure 9. The observed permeability increased remarkably as the ratio of AqpZ to
ABA copolymer increased from 1:400 to 1:300 and then reached a plateau between
a ratio of 1:200 to 1:50. Without Wishing to be bound by any particular theéry, one

possible explanation for this phenomenon might be due to the decreasing efficiency

of incofporating AqpZ.

Example 2.5: Mbrphology of the planar pore-spanning biomimetic membranes
The surface morphology and cross section of the membrane was observed by

Field Emission Scanning Electron Microscopy (FESEM). Figures 10(a) and‘(b)
showed visible pores on the substrate before polymerization. Figure 10(a) is a top-
surface view, and Figure 10(b) is a cross-sectional view. Figures 10(c) and (d)
showed that the pores on the top-surface were completely covered after
polymerization. Figure 10(c) is a top-surface view, and Figure 10(d) is a cross-
sectional view. The contrast of the pore-spanning membrane and the substrate was
quite similar as the pore-spanning membrane less than 10 nm thick. The pore-
spanning membrane is transparent and thin (Figure 10(c)), but it is difficult to

estimate the thickness from the FESEM image.

Example 2.6: Performance of the planar pore-spanning biomimétic membranes
The membrane with a diameter of ‘3 mm was placed between the two
chambers as shown Figure 11. A conductivity meter was inserted in the feed
chamber to monitor the salt reverse flux. Water levels of both chambers were raised
simultaneously and slowly. The water permeation through the pore-spanning
biomimetic membrane was analyzed by the weight increase of the draw solution
side.
The water flux of each membrane prepared from different AqpZ-ABA

copolymer ratios was tested using ultrapure water as the feed and NaCl solution as
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the draw solution. Figure 12 is a graph showing the effect of AqpZ content and
draw solution concentration on forward osmosis water flux. The water flux of each
membrane increased almost proportionally as the concentration of NaCl in the draw
solution chamber increased. Table 2 shows the salt reverse flux of each test in

5  Figure 12. Almost all the salt reverse fluxes were below 10 g/m?/h.

Table 2: Salt reverse flux of the membranes prepared using different quZ-‘ABA

ratio in the forward osmosis test (PRO mode).

- Salt leakage (g/m*/h)

Concentration of

drawn solution AgpZ-ABA AgpZ-ABA "~ AqpZ-ABA AgpZ-ABA

(M NaCl) o (1:100) ' (1:200) (1:300) (1:400)
2.0 6.2£2.6 10.02.0 "~ 0.4820.4 v 3.74.6
1.5 : 7.841.1 8.6:0.6 0.6£0.6 2.9+1.6
1.0 - 6.5£0.2 7114 0.3£0.02 2.5:0.8
0.5 ‘ 54102 C 43x17 0.7£0.4 0.7£0.5

10
Additionally, as the ratio of AqpZ-ABA copolymer increased, the water flux

also increased, which proved that the AqpZ molecules were embedded in the ABA
block copolymer in a functional configuration when the vesicles were transformed to
a planar membfane, as demonstrated by high water flux (see Example 2.7) and low

15  reverse salt flux (Table 2).

Example 2.7: Forward osmosis performance by using seawater as feed

The water flux of each membrane prepared from different AqpZ-ABA
copolymer ratios was tested using sea water (NaCl 3.5%) as the feed and 2M NaCl
20  solution as the draw solution. The water flux of each membrane signiﬁcantly
ihcreased as the ratio of AqpZ-ABA copolymer increased, as shown in Figure 13.
The net driving force was equivalent to the osmotic pressure of 1.4M NaCl to pure
water, but the flux of the sea water test fell to 35-45%, likely due to the internal and
external concentration polarization. Thus, the data simulates the performance of the

25  membrane for water desalination. -
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Other Embodiments ;

All of the features disclosed in this specification may be combihed in any
combination. F or example, and without limitation, the PMOXA-PDMS-PMOXA
copolymer of Example 2 can be used with the PEG intermediary layer of Example 1,
and the DMPC thin film of Example 1 can be used with the intermediary layer of
Example 1 (chemisorption of cysteérnine, activated by NHS/EDC, and immersed in
acrylic acid PBS solution). Similarly, the alumina substrate of Example 1 can be
used with the block copolymer thin film of Example 2, and the polycarbonate
substrate of Example 2 can be used with the DMPC thin film of Example 1. Each
feature disclosed in this specification may be replaced by an alternative feature

serving the same, equivalent, or similar purpose. Thus, unless expressly stated

- otherwise, each feature disclosed is only an example of a generic series of equivalent

or similar features.

From the above description, one skilled in the art can easily ascertain the
essential characteristics of the present invention, and without departing from the
spirit and scope thereof, can make various changes and modifications of the
invention to adapt it to various usages and conditions. Thus, other examples are also

within the claims.

While this inventioh has been particularly shown and described with

~ references to example embodiments thereof, it will be understood by those skilled in

the art that various changes in form and details may be made therein without

departing from the scope of the invention encompassed by the appended claims.
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CLAIMS
What is claimed is: -
1. A pofe-spanning biomimetic membrane structure, comprising:

a porous substrate;

a metal coatihg on the surface of the porous support;

an intermediary layer on the surface of the metal coating; and

a thin film having a transmembrane protéin incorporated therein;

wherein the thin film is layered on top of the intefmediary layer and spans

one or more pores of the substrate.

2 The strﬁéture of claim 1, Wherein the transmembrane protein is an aquaporin.
3. The structure of claim 2, where the aquaporin is AqpZ.
4. The structure of claim 1, wherein the porous substrate is alumina.
5. The structure of claim 1, wherein the porous substrate is polycarbonate.
6. The structure of claim 1, wherein the metal coating is selected from the

group consisting of gold, silver, platinum, palladium, and combinations

thereof.
7. The structure of claim 1, wherein the metal coating is gold.
8. The structure of claim 1, wherein the intermediary layer is polyethylene
glycol.
9. The structure of claim 1, wherein the intermediary layer has methacrylate
groups.
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10.  The structure of claim 1, wherein the intermediary layer is functionalized
with photoreactive crosslinkers.
11. The structure of claim 10, wherein the photoreactive crosslinkers are acrylic
acid derivatives. '
12. - The structure of claim 11, wherein the acrylic acid derivatives are

- methylacrylic acid, ethyl acrylate, methyl methacrylate, or combinations

thereof.

13. The structure of claim 1, wherein the thin film comprises 1,2-dimyristoyl-sn-

glycero-3-phosphocholine.
14.  The structure of claim 1, wherein the thin film comprises a block copolymer.

15. The structure of claim 14, wherein the block copolymer is poly(2-

methy1oxazoline)-block—poly(dimethylsiloxane)-block-poly(2-methyloxazoline).

16. The structure of claim 15, wherein the block copolymer is PMOXA ;-
PDMSs4-PMOXA 3.

17. The structure of claim 15, wherein the block copolymer is less than 20 nm
thick. '
18. The structure of claim 15, wherein the molecular weight of the hydrophilic

block of the block copolymér is from 500 to 2500 and the molecular weight of the
hydrophobic block of the block copolymer is from 2500 to 10,000. |

19.  The structure of claim 15, wherein the hydrophilic to hydrophobic weight

ratio of the block copolymer can be from 1:4 to 2:3.
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20.  The structure of claim 15, wherein the copolymer is PMOXA-PDMS-
PMOXA (500-2500-500), PMOXA-PDMS-PMOXA (1000-4000-1000), PMOXA-
PDMS-PMOXA (1300-5000-1300), or PMOXA-PDMS-PMOXA (1600-5600-

1600).

21.  The structure of claim 15, wherein the copolymer is PMOXA-PDMS-

PMOXA (1000-4000-1000).

22. A method for preparing a pore-spanning biomimetic membrane structure,
comprising:
incorporating a transmembrane protein into a thin film;

extruding the thin film with the incorporated transmembrane protein into

_ vesicles; and

fusing the vesicle on a porous substrate having a metal coating and an

intermediary layer.

23. The method of claim 22, wherein the transmembrane protein is incorporated

into the thin film during rehydration of the thin film.

24. The method of claim 22, wherein vesicle fusion is performed in the presence

of a vacuum.

25. The method of claim 24, wherein the vacuum is approximately 500 mbar to

approximately 970 mbar.

26. The method of claim 22, further comprising incubating the vesicles with the

porous substrate to fuse the vesicles to the intermediary layer.

27. The method of Claim 22, further comprising crosslinking the vesicles and the

intermediary layer.
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28.  The method of Claim 22, further comprising exposing the vesicles and the

substrate to UV irradiation. |

29.  The mefhod of Claim 22, further comprising chemisorbing the intermediary

layer onto the metal-coated substrate.

30. - The method of Claim 22, further comprising forming the metal coatihg on

the porous substrate by physical vapor deposition.

31.  The method of Claim 22, further comprising functionalizing the intermediate

layer with photoreactive crosslinkers.

32, The method of Claim 31, wherein the photoreactive crosslinkers are 'cicrylic

acid derivatives.

33.  The method of Claim 32, wherein the acrylic acid derivatives are

methylacrylic acid, ethyl acrylate, methyl methacrylate, or combinations thereof.

34. A method for performing osmosis, comprising:

placing the pore-spanning biomimetic membrane structure of claim 1

between two solutions of differing osmolarity.
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Figure 1(c)
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