Bl OM METI C MEMBRANE FORMED FROM A VESI CLE- THREAD CONJUGATE BACKGROUND OF
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menbr anes and nenbrane proteins, and to the structure of such devi ces.

Bi ol ogi cal nenbrane proteins have a |large variety of functions, including
acting as punps, channels, valves, energy transducers, and nechani cal,
thermal, and el ectrical sensors, anong nany others. Since these proteins
are nanoneters in size and highly efficilent, they are highly attractive for
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iological membrane proteins have a large variety of functions, including acting as
10  pumps, channels, valves, energy transducers, and mechanical, thermal, and

electrical sensors, among many others. Since these proteins are hanometers in

size and highly efficient, they are highly attractive for use in artificial devices.

However, their natural lipid membrane environment suffers from shortcomings

such as low strength, necessity of an aqueous environment, and susceptibility to

15 chemical or bacterial degradation.
SUMMARY OF THE INVENTION

Briefly, in one aspect of the invention, natural or genetically engineered proteins

20 are incorporated into a polymeric vesicle that is conjugated to a thread to form a
vesicle-thread conjugate. The engineered protein is preferably a transmembrane
protein embedded in the wall of the polymeric vesicle. The vesicle-thread
conjugate is then formed into a membrane or thin fabric having a wide variety of
inherent functionality, including the ability to selectively transport and/or filter

25 compounds between fluids. By selecting proteins with specific properties,
membranes can be fabricated with a defined functionality including molecular scale

addressability via directed electrostatic, electromagnetic, and chemical forces.

The vesicle-thread conjugates of the invention can be designed and created so

30 that they have the following properties as desired: the ability to form membranes of
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that they have the followi ng properties as desired: the ability to form
menbr anes ofa desired thickness; the ability to form nenbranes of a desired
chem cal worgpogi4biseon; the ability to form nmenbranes of RCHEDe%0OGIk; and
the ability to increase the strength of already fornmed nenbranes as
desired. One of the nost inportant properties of the vesicle-thread
conjugate is that they are able to house natural biol ogical nenbrane
proteins in a functional state, and that, these conjugates are robust and
| ong-lived, for by inserting biological qrenbr ane proteins into the
vesi cl es, devices having the properties and functions of the proteins are
created. Suitable vesicles should be suffici ent(lby simlar to natural lipid
22
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having general properties of hydrophilic outer blocks and hydrophobic inner blocks.

One aspect of the invention concerns the creation vesicle-thread conjugates

15 wherein the vesicle includes two different proteins which, when acting in concert,
result in a device which creates electricity from light, the "Biosolar Cell". Another
aspect of the invention utilizes water transport proteins to enable water purification

from arbitrary water sources. Descriptions of these aspects are given below.

20  As technological innovations resulting in device miniaturization have made
electronics smaller, lighter, and more efficient, advances in sources of power for
these devices have not progressed as rapidly. Power sources in the 21st century
face the challenge of supplying energy to an increasing number of devices while
decreasing in size and weight. In addition, tomorrow's products of nanotechnology

25 and biotechnology will require power supplies that do not even resemble those
used today in form or function.

There is a pressing need for lighter-and more compact electrical power sources for
a wide variety of emerging applications. Such power sources would enable a

30 greater range of mission objectives than is achievable with modern battery



used today in formor function. There is a pressing need for |ighter and

nore conpact electrical power sources for a wide variety of energing
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the power density mnimzes the weight needed to be carried for a given

power requirenent. The wei ght requirenents are crucial since, for

conventional fuel sources, the fuel source nust be near the device and

transported with it, if nobile. Exhaustidon of the fuel is also |ikely and

repl eni shnment of that supply is then necessary. This can place a limt on

the range and nobility of the user. Contenporary science has shown the
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present generation of devices at”a high level of performance. Only Trecently
have t he tibensérogy and know edge necessary to devel op the first
nanobi ot echnol ogy devi ces becone avail abl e, and the engi neering and
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level. Although recent technical developments concerning power sources have

been promising, they result from incremental improvements in existing

technologies. Power sources ideally suited for the next generation of devices will

utilize nanobiotechnology for their function and will also be able to power the

15 present generation of devices at a high level of performance.

Only recently have the technology and knowledge necessary to develop the first
nanobiotechnology devices become available, and the engineering and
construction of nanometer scale organic/inorganic hybrid devices powered by the
20  biochemical fuel ATP has been reported (Soong, R. K., Bachand, G. D., Neves, H.
P., Olkhovets, A. G., Craighead, H. G., and Montemagno, C. D. (2000), Science
290, p. 1555 1558). The generation of ATP for use in these devices as well as the
use of these devices to power other machines has motivated interest in the transfer
of power between the macro-and nanometer scales as well as the interconversion
25 of different types of energy.

In another aspect of the invention, other proteins with different functionality can be
used to transport electrons/protons to enable the transduction of electrical and
chemical power, and act as mechanical valves and sensors.
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use of these devices to power other nmachines has notivated interest in the
transfer of power between the macro-and nanoneter scales as well as the

i nt er conweoWm40ds3di f ferent types of energy. |n anot hePCagpeoes/wh2ibhe

i nvention, other proteins with different functionality can be used to
transport electrons/protons to enable the transduction of electrical and
chem cal power, and act as nechani cal valves and sensors.In a preferred
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The biosolar power material thus forms a hybrid organic/inorganic power source

that obtains its energy from light.

The process of the present invention relates to the manufacture of a thin fabric

15 consisting of a vesicle-thread conjugate formed into biomimetic membranes and
thin films. In one embodiment, the vesicle is a biocompatible polymer membrane
embedded with two energy converting proteins, bacteriorhodopsin and cytochrome
oxidase, that will convert optical energy to electrical energy and deliver this energy
to an external load. These proteins have been separated and optimized by natural

20 selection over millions of years to convert optical and electrical energy to
electrochemical energy. Incorporated into a device, they provide useful amounts of
power indefinitely and are sufficiently light, compact, and rugged for applications
requiring high mobility in both hostile and friendly environments.

25 Bacteriorhodopsin is a bacterial protein that transports protons across a cell
membrane upon the absorption of light. Cytochrome oxidase is a membrane
protein that transports protons using high-energy electrons. These proteins are
used in tandem to transform light energy into an electrochemical proton gradient
that is subsequently converted to an electromotive force used to do external work.

30 Because the device is a biological version of a conventional solar cell, there is no



selection over mllions of years to convert optical and electrical energy
to el ectrochem cal energy. Incorporated into a device, they provide useful
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There are important distinctions between the present power source and
conventional solar cells, for since the present source is constructed from mass-

15 produced proteins and common polymers, it will be lightweight, flexible, robust, and
manufacturable in large quantities for low cost. The relevant length scale for this
device is the thickness of the packaging, <1 um. The membranes in which these
enzymes normally exist have a thickness of 5 nm. Laminated sheets of the bio-
solar cells can be incorporated into clothing and other surfaces that result in no

20  weight cost, since they must be worn anyway. Appropriate modular design of the
power-generating cells in the fabric will result in the ability of the power fabric to
sustain significant damage and still retain functionality. The ability to interchange
electrical and biochemical energy will enable the construction of electrically
powered bio-devices as well as the conversion of biochemical fuel to electricity.

25  The ability to transform energy between electrical, biochemical, and optical forms
will allow the design and production of nanobiological devices unconstrained by the
type of input energy.

30



manuf acturable in large quantities for | ow cost. The relevant | ength scale
for this device is the thickness of the packaging, < 1 mm The nenbranes in
whi ch t hewe 2erizo40358 normal |y exi st have a thickness of PCRmMK2hevionzbed
sheets of the bio- solar cells can be incorporated into clothing and other
surfaces that result in no weight cost, since they nust be worn anyway.
Appropriate nodul ar design of the power-generating cells in the fabric wll
result in the ability of the power fabric to sustain significant damage and
still retain functionality. The abili ty6(o i nt erchange el ectrical and

bi ochem cal energy will enable the construction of electrically powered

bi o-devices as well as the conversion of biochem cal fuel to electricity.
The abi | i t BRIEF DESCRIFITIOMGF BRAGINSS el ectrical, biochenical, and
optical fornms will allow the design and production of nanobi ol ogi cal

devi ces unconstrained by the type of input energy. BRI EF DESCRI PTI ON OF
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the present inyentjon w e best _understoo rom.the followng detaile
descri pt i oRVERIG WHlhe l%%ﬁté‘ﬁgﬁfﬁ??@frgmﬁﬁrf@ Ving Qﬁgr‘n'ea/iqeﬁc‘i'ﬂ’@na‘rl}corrpanyi ng
drawi ngs, piafdked Bmbbhfments tifer8ofS GBI tHeCARAPHUNGIgdra®indsh f which:

vesicl e-thread conjugate in accordance with the presSent invention; FIG
illustrates the process required to produce a vesicle-thread conjugate in

accor dancegyh th. t I ' i On. I r I t of
the pr esenf@'nﬁgn%]?%r%nﬁ@p%pt éﬁf/gte@?'cq?féﬁés%ﬁg%eth@tdf(g&r{ﬁqagﬁgq ?g%gg%ig%n
produce anwihitinepessdatlink&ntion; PDVS- PEt Oz vesicle; FIG 4 illustrates

al ternate enbodi nent of the invention showi ng a net hacyl at eended

PEt Oz- PDMS- PEt Oz vesicl e and a NHS- ended PEt Oz- PDV5- PEL Oz
10  FIG. 2 illustrates the process required to produce a vesicle-thread conjugate in

accordance with the present invention;

FIG 3 illustrates one embodiment of the present invention where the vesicle

surface is functionalized to produce an amine-ended PEtOz-PDMS-PEtOz vesicle;
15

FIG. 4 illustrates alternate embodiment of the invention showing a methacylate-

ended PEtOz-PDMS-PEtOz vesicle and a NHS-ended PEtOz-PDMS-PEtOz

vesicle;

20  FIG. 5 illustrates the use of cellulose as the thread component in accordance with
the present invention;

FIG. 6 illustrates the use of carboxymethyl cellulose (CMC) as the thread
component in accordance with the present invention;’

25
FIG. 7 illustrates the conjugation of a preferred vesicle with a preferred thread in
accordance with the present invention; and

FIG. 8 illustrates the use of aminoethyl cellulose (AE-cellulose) as the thread

30 component in accordance with the present invention.



vesicle; FIG 5 illustrates the use of cellulose as the thread conponent in
accordance with the present invention; FIG 6 illustrates the use of

car boxynmewbybiooabisal ose (CMC) as the thread conmponent i RCRMIOA0CH6W t h
the present invention;' FIG 7 illustrates the conjugation of a preferred
vesicle with a preferred thread in accordance with the present invention;
and FIG 8 illustrates the use of am noethyl cellul ose (AE-cellul ose) as
the thread conponent in accordance with the present invention. DESCRI PTI ON
OF PREFERRED EMBODI MENTS The contents of/ U.S. Patent 7,208,089, entitled

"Biom netic nenbranes”, is expressly incorporated herein by reference. The
I nternational patent application, PCT/US08/ 74163, entitled "Biomnetic
Pol ynmer Menbrane that Prevents |on Leakage", is expressly incorporated

P R e e L

expressly incorporated herein by reference. The U S. Provisional

application 61/055 207, entitled “Protein Self-Producing Artifjcial Cell,
i s expresslie P%@f‘tﬁo‘? ét'§dPﬁ%lﬂ?%@%ﬁé\“@ﬂ@e&oﬁﬂ@eﬂ?&G‘g'ﬂ?raf‘ﬁ%el‘ﬁ ion is

directed tér?(eng'egﬁf ‘?%&Qfe‘??}%r&m% adentd) TRe Iht'eWeﬁFohéF Eéiehf‘adzdlﬁatlén t hat

may be for lomnetic nbrane or thin f a preferred
enmbodi ment PCTHESOBI7A163,| antifled “B@rmmehecﬂ’dbynwduembganm@a%w@nés ko ead
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is forned es (1) & aki ng”
arr angen”ené@plldaﬂolel PCTESO8ITY 165 eatitled t\aling & uantaorwl@trhlem-ldéog)oréieslhows a
vesicle or . . .
Polymersomes”, is expressly incorporated herein by reference. The U.S.
10  Provisional application 61/055,207, entitled “Protein Self-Producing Artificial Cell, is

expressly incorporated herein by reference.

The present invention is directed to a vesicle-thread conjugate (1) as illustrated in
FIG. 1 that may be formed into a biomimetic membrane or thin film (8). In a

15 preferred embodiment, the thin film (8) is formed by weaving the vesicle-thread
conjugates (1) into a fabric. In an alternate embodiment, the thin film (8) is formed
by depositing vesicle-thread conjugates (1) into a “paper-making” arrangements
wherein the conjugates adhere to one another. Fig. 1 shows a vesicle or
polymersome (2) with proteins (7) of any kind embedded in the vesicle membrane.

20 The vesicle (1) may comprise an ABA triblock copolymer (3) with crosslinking
functional groups (4) linking them to a thread (5). Also shown is a thin film, or
membrane, (8), being formed by a plural of such vesicle-thread conjugates (1). The
conjugate is formed by providing a functionalized vesicle surface and a
functionalized thread surface as shown in FIG. 2.

25
The vesicle is preferably a lipidized polymer or a tri-block copolymer as described
in U.S. Patent 7,208,089. FIG. 3 illustrates one embodiment of the present
invention where the vesicle surface is functionalized to produce an amine-ended
PEtOz-PDMS-PEtOz vesicle, see Joon-Sik Park, et al. Macromolecules 2004, 37,

30 6786-6792, the contents of which are expressly incorporated herein by reference.



pol ymersone (2) with proteins (7) of any kind embedded in the vesicle
menbrane. The vesicle (1) may conprise an ABA tri bl ock copolyner (3) with
crossl i nkwogofumaeissonal groups (4) linking themto a thPeamK26)9/008d1s0 shown
is athin film or menbrane, (8), being formed by a plural of such

vesi cl e-thread conjugates (1). The conjugate is formed by providing a
functionalized vesicle surface and a functionalized thread surface as shown
in FIG 2. The vesicle is preferably a |ipidized polyner or a tri-block
copol ymer as described in U S. Patent 7808,089. FIG 3 illustrates one
enbodi nent of the present invention where the vesicle surface is
functionalized to produce an am ne-ended PEt Oz- PDMS- PEt Oz vesicl e, see
Joon- Si k Pﬁwve%eleeﬁurfavaan@yrbeétmtleealmdmsn@pthevaae\wgaqhmqtmscd?ieems of

whi ch The i cl,e,surface
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incorporated into the vesicle. The thread may be sel ected froma variety of
avai | abl e @ bev@sicle.ncl udi ng, but not limted to, cellulose material,
carboxynet hyl cellul ose (CMC), am noethylcellul ose (AE-cellul ose) and

nyl on- based material. The preferred cellul ose material is hydrophilic and

i nsol ubl e The thae@d nmydomaslectedgmmamibWemfteB/ailéblesrhmﬁnalsnncEIUding5buttrhﬁ

rul 1o RKK) BRSO ST Tahl THRAEDuets it
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Grystalli nh d? f‘|II|uC ang lﬁlgolldble to water and most organic solvents. As shown in FIG. 5,
the muitiple hydroxyl groups on the cellulose material form hydrogen bonds with
oxygen molecules on another chain, holding the chains firmly together side-by-side
and forming microfibrils with high tensile strength. Crystalline cellulose will become
15 amorphous in water under the pressure of 25 MPa. The hydroxyl groups of
cellulose can be partially or fully reacted with various reagents to afford derivatives
with useful properties. Cellulose esters and cellulose ethers are the most
important commercial materials, e.g. cellulose acetate, ethylcellulose, methyl-
cellulose, hydroxypropyl cellulose, carboxymethyl cellulose, hydroxypropyl methy!
20  cellulose, and hydroxyethyl methyl cellulose, to name a few. As shown in FIG. 6,
another thread material may be a commercial available carboxymethyl! cellulose
(CMC). CMC is a cellulose derivative with carboxymethyl groups (-CH,-COOH)
bound to come of the hydroxyl groups. The polar (organic acid) carboxyl groups
render the cellulose soluble and chemically reactive. Partially carboxymethylated
25  cellulose at low degree of substitution (DS=0.2) retains its fibrous character while
many of its properties differ from those of the original fiber. The average chain
length and degree of substitution are of great importance; the more-hydrophobic
lower substituted CMCs are thixotropic but more-extended higher substituted
CMCs are pseudoplastic. At low pH, CMC may form cross-links through

30  lactonization between carboxylic acid and free hydroxyl groups. FIG. 8 shows a
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In a preferred form of the invention, the vesicle-thread conjugate is woven into a
fabric to produce a biomimetic membrane used to provide a biosolar-powered

15 material and fabric which consists of a thin fabric incorporating a biocompatible
polymer membrane embedded with two energy converting proteins,
bacteriorhodopsin and cytochrome oxydase, that will convert optical energy to
electrical energy and deliver this energy to an external load. A tremendous weight
savings results from the use of thin (less than 1 ym) polymeric membranes as well

20 as the lack of a need to carry fuel with the power source. Thus, a system can be
developed that can be integrated into clothing and the surfaces of most materials,
providing an effectively weightless (less than 1 kg/m?) source of energy with an
efficiency equal to or greater than that achievable with solar cells. The biosolar
power material thus forms a hybrid organic/inorganic power source that obtains its

25  energy from light.

in one form of the invention, bacteriorhodopsin and cytochrome oxidase are
integrated into a vesicle that is further conjugated with a thread. The vesicle-
thread conjugate is woven into a fabric that is in contact with microfabricated

30 electrodes. The operation of the proposed device can be best understood after



benzenesul fonyl chloride. It wll also react with proteins and organic
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matrices, contain the proteins and serve as proton barriers. These polymer
matrices are very general, preferably requiring only that (a) they form vesicles
which separate the top and bottom halves of the proteins when using
transmembrane proteins, (b) they form an environment sufficiently similar to the
15 natural lipid membrane so that the proteins can be easily inserted into the vesicle
with the proper orientation, and (c) the local chemical environment of the vesicle
experienced by the protein does not cause the protein to unfold or deform in such a
way as to comprise the protein's natural fun;:tion. Vesicles which satisfy-these
conditions include, but are not limited to, lipidized polymers and tri-block
20  copolymers having general properties of hydrophilic outer blocks and hydrophobic
inner blocks. The protein-incorporated polymeric vesicles are preferably those
described in U.S. Patent 7,208,089 and International Patent application
PCT/US08/74163. BR and COX are oriented and combined in the surface of the
vesicles, and the membrane formed from the vesicle-thread conjugate is overlaid

25  with electrodes.

There are many strategies employable to increase the proximity of the electrodes
to the proteins, such as those provided in U.S. Patent 7,208,089. An electrode grid
may be placed directly on top of the lipid in the form of a thin wire mesh connected

30 externally for electrical measurement. After removing the liquid above the top



Because the diffusion of ions on nenbrane surfaces is |large and can be nade
| arger by the suitable choice of vesicles, the vesicle surface itself is
all that we20m4d3sed for the successful functioning of PrhemK080l06z16Cel
(Pitard et al., 1996). Vesicles, such as lipidized polyners or any one of
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proton barriers. These polynmer matrices are very general, preferably
requiring only that (a) they formvesicles which separate the top and
bottom hal ves of the proteins when usingltransmenbrane proteins, (b) they
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are anti-parallel, the large aggregate dipole’'moment of PM is utilized. The proper
orientation will be achieved by the initial orientation of the COX in a high field
followed by the orientation of PM in a field sufficiently small to avoid the
perturbation of the COX, but large enough to sufficiently manipulate the PM

15 fragments.

The use of polymer membranes in forming the vesicle is desirable for the following
reasons: they have a longer lifetime than lipid membranes, they are more rugged,
and they have more easily tailored properties, such as electron and ion

20  conductivity and permeability. The interiors of these membranes must be
hydrophobic and elastic so that the natural protein environment can be simulated

as close as possible.

A wide variety of biocompatible polymers exist having a wide range of properties

25  such as optical absorbance, polarity, electrical and ionic conductivity among
others. Polymers enhancing the properties of the solar cells of the present
invention must be compatible with the proteins and electrodes. Impermeability to
protons is also important. The ability to dope the surface of the polymer may be
significant, as it can play a major role in the proton conductivity and

30 transmembrane conductance. The lifetime of the polymer as well as its effects of



the nenbrane to formthe counter electrode. Alternatively, the el ectrodes
may be el ectrochem cally deposited onto the lipid surface by rastering the
array of wope10/0ibis3 deposition would result in mllionsPofi/Doowwelie W res
on the top surface of the nenbrane. The above steps are repeated and
conmbined, resulting in oriented COX and BR contained in a |ipid nenbrane.
There are two possible scenarios for the orientation of BR and COX

paral l el and anti-parallel dipole ori en% tion. If the dipoles are parallel,
the alignnment can be achi eved for both, "sinultaneously, through the
application of a single field. If they are anti-parallel, the large
aggregate dipole nmonent of PMis utilized. The proper orientation wll be
achi eved bifietlifetimes ef the ypicins cantained withiteit etgxalsa releqagih and @relfacdrsdved by
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In another aspect of the invention, through the use of the Aquaporin family of
proteins incorporated into tri-block co-polymer membranes, stable films are
produced which will only pass water, thus facilitating water purification,
desalinization, and molecular concentration through dialysis. The aquaporins

15 exclude the passage of all contaminants, including bacteria, viruses, minerals,
proteins, DNA, salts, detergents, dissolved gases, and even protons from an
aqueous solution, but aquaporin molecules are able to transport water because of
their structure. Further details related to the aquaporin family of proteins are
disclosed in U.S. Patent 7,208,089. Water moves through the membrane in a

20  particular direction because of hydraulic or osmotic pressure. Water
purification/desalination can be achieved with a two-chambered device having
chambers separated by a rigid protein incorporated polymer membrane at its
center that is filled with aquaporins. This membrane itself is impermeable to water
and separates contaminated water in a first chamber from purified water in a

25 second chamber. Only pure water is able to flow between the two chambers.
Thus, when sea water or other contaminated water on one side of the membrane is
placed under an appropriate pressure, pure water naturally flows into the other
chamber. Accordingly, purified water can be obtained from undrinkable sources or,
if the source of water contained chemicals of interest, the water can be selectively

30 removed, leaving a high concentration of the wanted chemical in the input



protons is also inportant. The ability to dope the surface of the polyner
may be significant, as it can play a major role in the proton conductivity
and transwerbrezndesssonduct ance. The lifetine of the pol ymrer/naoeaiob21as its
effects ofthe lifetimes of the proteins contained within it are also

rel evant, and are factors in its selection. The choice of a polynmer with a
short lifetine but high performance may be useful in special applications.
The foregoing nmethods for the production of highly efficient and productive
sol ar power sources nmade w th bi ol ogi cald conponent s denonstrate the

I ntegration of energy converting biological proteins wth an external
device, and point the way toward a manufacturing pathway capabl e of
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purification/desalination can be achieved with a two-chanbered device

havi ng chanbers separated by a rigid protein incorporated polyner nenbrane
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according to a genetic sequence that influences its final shape and function, a
technician can easily change its genetic code in order to change the protein's
characteristics. Therefore the protein can be engineered to fulfill a desired
application that may be different from the protein's original function. For example,

15 by simply changing a particular amino acid residue near the center of the water
channel to cysteine, the Aquaporins produced would bind any free Mercury in the
solution and cease transporting water due to the blockage. Thus, these mutant
proteins used in a membrane device could detect Mercury contamination in a water
sample by simply ceasing flow when the concentration of the toxic substance rises

20  too high.

The preferred form of the invention has the form of a conventional filter disk
because it is most easily assayed for functionality that way. To fabricate such a
disk, a 5 nm thick monolayer of synthetic triblock copolymer and protein is

25 deposited on the surface of a 25 mm commercial ultrafiltration disk using a
Langmuir-Blodgett trough. The monolayer on the disk is then exposed to 254 nm
UV light to cross-link the polymer and increase its durability. Lastly, a 220 nm pore
size PVDF membrane is epoxy glued to the disk surface to ensure safe handling
and prevent leakage at the edges.

30



and separates contam nated water in a first chanber frompurified water in
a second chanber. Only pure water is able to fl ow between the two chanbers.
Thus, whewoOgew/0edser or ot her contam nated water on oneP€ITdK2009/t0bE6
menbrane i s placed under an appropriate pressure, pure water naturally
flows into the other chanber. Accordingly, purified water can be obtai ned
from undri nkabl e sources or, if the source of water contained chem cals of
i nterest, the water can be selectlvely renoved, |eaving a high
concentration of the wanted chenical iri4 he |nputchanber | mportantly,
however, the aquaporins are also suited to this invention for reasons other
t han their excl usive selectivity for water. Many nenbers of this protein
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contam nation in a water
There are several methods that can be used to allow the device to tolerate these

types of pressures. Some varieties of polymer are naturally more durable than
others, and can be cross-linked with UV light to provide extra rigidity. Another

15 method is to add a high concentration of a non-toxic and easily removable solute to
the freshwater chamber to encourage regular osmosis across the membrane while
reverse osmosis is also occurring due to chamber pressurization. Lastly, the
pressure required for reverse osmosis can be reduced by using multiple AqpZ
devices in a cascade of sealed, connected chambers containing successively

20 smaller concentrations of contaminants. The resulting pressure required to purify
water in each pair of chambers is a fraction of the total pressure necessary for
reverse osmosis. Therefore, each membrane only has to withstand a small
pressure and has a greater chance of remaining intact. So, if the difference in
concentration between each pair of chambers was only 10% instead of 100%, just

25  10% of the high pressure mentioned above would be needed to purify the source
water at each junction. Pure water would be continuously produced in the final

chamber with constant pressure and flow.

The aquaporin reverse osmosis membrane can purify water possessing several

30 different types of contamination in only a single step. Traditional high purity



sanple by sinply ceasing flow when the concentration of the toxic substance
rises too high. The preferred formof the invention has the formof a
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functionality that way. To fabricate such a disk, a 5 nmthick nonol ayer of
synthetic triblock copol yner and protein is deposited on the surface of a
25 mm comercial ultrafiltration disk using a Langnuir-Bl odgett trough. The
nonol ayer on the disk is then exposed ti 254 nm WV light to cross-link the
pol ymer and increase its durability. La §Iy, a 220 nm pore size PVDF
menbrane i s epoxy glued to the disk surface to ensure safe handling and
prevent | eakage at the edges. The device is assayed by fitting it in a
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purification system, and this advantage enables the Aquaporin water purification

devices of the present invention to be portable.

Aquaporin membranes are also faster than conventional systems. A conventional

15 high speed R.O. unit can make about 28.4 liters (7.5 gallons) of clean water every
minute. Current research shows the movement of water molecules across an AgpZ
saturated lipid membrane (0.0177 mm.sup.2) at the rate of 54 ymoles/sec. (Pohl,
P., Saparov, S. M., Borgnia, M. J., and Agre, P., (2001), Proceedings of the
National Academy of Sciences 98, p. 9624 9629) Thus, a theoretical Aquaporin Z

20  Reverse Osmosis Membrane with a surface area of 1.0 square meter could filter
up to 3295 liters of pure water every minute. That rate is over 116 times faster than
a normal purifier.

Lastly, new protein-based membranes are also very inexpensive to produce. The

25 heart of the process, AgpZ, is easily harvested in milligram quantities from an
engineered E. coli bacterial strain. On average, 2.5 mg of pure protein can be
obtained from each liter of culture that is producing it. 10 mg of protein can be
produced from about 5 dollars of growth media. That is enough protein for several
full size devices. Also, the polymer in which the AqpZ is imbedded can be

30 produced in the same laboratory for just pennies worth of chemicals for each



the freshwater chanber to encourage regul ar osnosis across the nenbrane
whil e reverse osnosis is also occurring due to chanber pressurization.
Lastly, twe 2proagsisse required for reverse osnbsis can beCTakeo@doby6usi ng
mul ti pl e AgpZ devices in a cascade of seal ed, connected chanbers cont ai ni ng
successively smaller concentrations of contam nants. The resulting pressure
required to purify water in each pair of chanbers is a fraction of the
total pressure necessary for reverse osppsis. Therefore, each nmenbrane only
has to withstand a snmall pressure and h a greater chance of remaining
intact. So, if the difference in concentration between each pair of
chanbers was only 10%instead of 100% just 10% of the high pressure
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Sof t eners requi n and reverse osnosis cartridges nust be
repl acEd when they becone fouled. Finally, a single step device would

require wﬁﬁhéu%%sthg%?ggenq?rgven |iorc‘m1afs%reelne e‘?éc'r[ikr}éaé1 ina’(etrr}/mg io(lz%lreferred
embodiments, it will be understood that numerous variations and modifications of
the methods and devices disclosed herein may be made without departing from the
true spirit and scope of the invention, as set out in the following claims.



purification system and this advantage enabl es the Aquaporin water
purification devices of the present invention to be portable. Aguaporin
menbr anesware104l48353f ast er t han conventional systens. A ecmbaémetichi gh
speed R O unit can nmake about 28.4 |liters (7.5 gallons) of clean water
every mnute. Current research shows the novenent of water nolecul es across
an AgpZ saturated lipid nenbrane (0.0177 mm sup.2) at the rate of 54
nmol es/ sec. (Pohl, P., Saparov, S. M, Borgnia, M J., and Agre, P.

(2001), Proceedings of the National Acadény of Sciences 98, p. 9624 9629)
Thus, a theoretical Aquaporin Z Reverse OGsnosis Menbrane with a surface
area of 1.0 square neter could filter up to 3295 liters of pure water every
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be obt ai ne rom each I ter ulture that is rod t
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water. The invention denonstrates the integration of water transporting
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incorporated into the membrane of the vesicle.

4. Vesicle-thread conjugate according to claim 3, wherein more than one kind of
protein is incorporated into the membrane of the vesicle.

15
5. Vesicle-thread conjugate according to one of claims 1-4, wherein the vesicle is
formed lipidized polymers or tri-block copolymers having general properties of
hydrophilic outer blocks and hydrophobic inner blocks.

20 6. Vesicle-thread conjugate according to one of the preceding claims, wherein the
threads includes any one or number or permutation of a cellulose material,
carboxymethyl cellulose (CMC), aminoethylcellulose (AE-cellulose),microfiber cell,
nano-crystaline cellulose, cellulose nanofibers/whiskers and/or nylon-based
materials.

25
7. A biomimetic membrane formed by weave the threads of a plural of vesicles-

thread conjugates according to any of the preceding claims into a fabric.



points the way toward a manufacturing pathway capable of |arge-scale
production of water purification devices. Al though the present invention
has been weo=eoridexs3i n terms of preferred enbodi nents, i PCROK20&0001der st ood
t hat nunerous variations and nodifications of the nethods and devices

di scl osed herein may be nmade w thout departing fromthe true spirit and
scope of the invention, as set out in the following clains.C ains: 1.

Pol yneri c vesicl e, wherein the vesicle is conjugate to a thread to forma
vesi cl ethread conjugate. 2. Vesicle- t hr &d conjugate as in claim1, wherein
the conjugate is formed by providing a functionalized vesicle surface and a
functionalized thread surface 3. Vesicle-thread conjugate according to
claim1 or8.2A bisndmettin merbeinesorned by cleppsiting easiclertbraaseconivgatase of t he

Uhan one KRS K abeohBRLAF 1L HELF PR el Roh Sriidhufierts WHRRecar ¢
5. Vesi cl ecdrijuigeés adhgregatonesarmtineli ng to one of clains 1-4, wherein the

vesicle is formed lipidized polyners or tri-block copol ynmers havi ng general
properties of hydrophilic outer blocks and hydrophobic inner blocks. 6.

Vesi cl gt hy eRBidhARIHE8 M EMBFATRS 1@?rﬁ6d tir@a eBmbMatioRef BR& BRMiATktE InférABransBer ei n

t he threads includes any one or or pernmutation of a cellulose
mat eri al , 2WABGRY heclym 7cand & ose (CIVC) , ani noet hyl cel | ul ose
(AE-cel lul ose), mcrofiber cell, nano-crystaline cellul ose, cellulose

nanof i ber s/ whi skers and/ or nyl on-based materials. 7. A biom netic nenbrane
formed by ¥&aVbiontimetibneedbramie accordingito ofie vEeclaihe £ mdwdein it has been

cross-linked with UV light.

10
11. A biomimentic membrane according to one of claims 7-10, wherein the
membrane comprises vesicle-thread conjugates with different kinds of proteins

incorporated into the membrane of the vesicles.

15  12. A biomimetic membrane according to one of claims 7-11, wherein the proteins
incorporated into the membranes of the vesicles comprises proteins of the

Aquaporin family.

13. A biomimetic membrane as in claim 12, wherein the membrane will only pass
20 water, thus being a water filtration membrane facilitating water purification,

desalinization, and molecular concentration through dialysis.

14. A biomimetic membrane as in one of claims 7-11, wherein two energy
converting proteins are incorporated into the vesicle membranes.

25
15. A biomimetic membrane according to claim 14, wherein the two energy

converting proteins are bacteriorhodopsin and cytochrome oxydase.



conjugates according to any of the preceding clains into a fabric.8. A

bi om netic nenbrane fornmed by depositing vesicle-thread conjugates

accordi ngvoaowaodsB clains 1-6 into a "paper-naki ng" ar Pam@amow@orier ei n

t he conjugates adhere to one another 9. A biomnetic nenbrane forned in a
conbi nation of the biom netic menbranes according to claim7 and 8. 10. A
bi om netic nmenbrane according to one of clainms 7-9, wherein it has been
cross-linked with W light. 11. A bi om'{gnti c nmenbrane according to one of
clainms 7-10, wherein the nenbrane conprlses vesicle-thread conjugates with
different kinds of proteins incorporated into the nenbrane of the vesicles.
12. A biom netic nmenbrane according to one of clains 7-1 1, wherein the
prot ei ns i 1 dy pawert salirce comprisingenbioatiestio menerane sicepieind onglains & opr ot ei ns

of the Aq rintag by 13 .. iam Is [ [tla 12, wherein
t he nmenbr gﬁ%%ﬂ#?'ﬁﬁ%?%@‘?@[‘%@%ﬁé ‘@8@%9%‘9%{@”?% rgétolmon menbr ane
facilitatiglgetveiegr purification, desalinization, and nol ecul ar
concentration through dialysis. 14. A biom netic nenbrane as in one of
claims 7-1 1, wherein two energy converting proteins are incorporated into
t he vesicle nenbranes. 15. A biom netic nmenbrane according to claim 14,
wherein the two energy converting proteins are bacteriorhodopsin and
cytochrone oxydase. 16. A power source conprising a biom netic nmenbrane
according to claim14 or 15, wherein the biomnetic nenbrane is in contact
with mcrofabricated el ectrodes.



