MEMBRANE WITH SURFACE CHANNELS

BACKGROUND OF THE INVENTION

[0001] Membranes can be used to filter a variety of fluiefer example, membranes are
used to filter protein-containing fluids to remawvedesirable material from the fluids and/or
membranes are used to remove viruses from fluitisvever, there is a need for improved
membranes having higher protein capacity and/ariswiemoval capability.

[0002] The present invention provides for amelioratingeast some of the disadvantages
of the prior art. These and other advantageseopthsent invention will be apparent from

the description as set forth below.
BRIEF SUMMARY OF THE INVENTION

[0003] An embodiment of the invention provides a micropsranembrane comprising a
first surface and a second surface, wherein teedurface comprises lengthwise parallel
surface channels, and wherein the channels hagensillis comprising rough surfaces, the
rough surfaces having an Ra in the range of froaua$.5 pin to about 19.0 pin. Typically,
the side walls of the channels have rougher susfwn the bottom walls of the channels.
Typically, at least about 25% of the first surféees a plurality of parallel channels in the
machine direction.

[0004] In another embodiment, a filter is provided, theficomprising at least one
membrane, preferably, at least two membranes.

[0005] A method of filtering fluid is also provided in amclance with another
embodiment of the invention, the method comprigiagsing the fluid through the membrane
or filter.

[0006] In another embodiment, a method of preparing a mangbis provided, the
method comprising obtaining a substrate compriaisgrface having a machine direction
and a cross machine direction and having parabelsions in the surface in the machine
direction; casting a polymer containing solutiontbe surface; exposing the solution to a
phase inversion solution and forming a microponmesnbrane; and, removing the membrane
from the substrate, wherein portions of the memd@mtacting the parallel abrasions in the

surface of the substrate are pulled away from tembrane, forming a membrane having a



surface with parallel channels in the surface erttachine direction, the parallel channels

having rough surfaces.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWG(S)

[0007] Figure 1A is a Scanning Electron Micrograph (SEkwing the
substrate-contacting surface of a membrane prepaEdample 3 after removing the
membrane from a polyethylene terephthalate (PEB3tsate with an untreated non-abraded
surface. Figure 1B is an SEM showing the substrateacting surface of a membrane
prepared in Example 3 after removing the membreora & polyimide substrate that was
corona treated to provide a Critical Wetting Suefaension (CWST) of 44 dynes/cm,
wherein the substrate surface is non-abraded.

[0008] Figure 2 is an SEM showing the substrate-contaciimface of a membrane
prepared in Example 3 according to an embodimetiteoinvention after removing the
membrane from a substrate with an abraded sunfetoeréin the surface is otherwise
untreated).

[0009] Figure 3 are SEMs of the surface of the membraepgred in Example 3
according to an embodiment of the invention, shgvahannels having side walls with rough
surfaces. Figure 3A is an SEM taken in the croastnime direction, and Figure 3B is an
SEM taken in the cross-sectional direction.

[0010] Figure 4 is an SEM of the first surface of the meamk prepared in Example 1,
with pore diameters identified in the channel si@g#l and the channel bottom wall.

[0011] Figure 5 is an SEM of the first surface of the meamke prepared in Example 2,

with pore diameters identified in the channel si@d#l and the channel bottom wall.
DETAILED DESCRIPTION OF THE INVENTION

[0012] In accordance with an embodiment of the presemrition, a microporous
polymeric membrane is provided comprising (a) st urface, comprising a microporous
surface, (b) a second surface comprising a micaysosurface; and (c) a microporous bulk
between the first surface and the second surfaleeresn the membrane has a machine
direction and a cross machine direction, and tts¢ $urface has a plurality of parallel
channels in the machine direction, wherein the nhEnhave side walls and bottom walls, the

side walls comprising rough surfaces, the rougfases having an Ra in the range of from



about 4.5 to about 19.0 pin. In some embodimémesside walls have rougher surfaces than
the bottom walls.

[0013] In an embodiment, the side walls have rough susfae®ing an Ra in the range of
about 5 pin to about 9 pin. In another embodimtbet side walls have rough surfaces
having an Ra in the range of about 9.5 pin to a6 pin.

[0014] In an embodiment, at least about 25% of the fuislage has the plurality of
parallel channels in the machine direction, prdfigraat least about 30% of the first surface
has the plurality of parallel channels in the maehdirection, and in some embodiments, at
least about 35% of the first surface has the ptyraf parallel channels in the machine
direction. For example, in an embodiment, the nramé has in the range of from about
30% to about 45% of the first surface having theadlty of parallel channels in the machine
direction.

[0015] Advantageously, membranes for removing virusesbeaproduced having less
thickness than commercially available virus remauambranes while providing comparable
or better virus removal efficiencies. As a resmémbranes can be produced more cost
effectively. The membrane can be a non-composaebnane, but can be sufficiently robust
to the membrane to be pleated.

[0016] Alternatively, or additionally, membranes can beduced having an increased
capacity to filter protein compared to conventiom&imbranes without channels.

[0017] Filters comprising at least one inventive membramneferably, at least two
inventive membranes, and well as filter devices @asing a housing and at least one
inventive membrane, or a filter comprising at least inventive membrane, are also
provided according to embodiments of the invention.

[0018] A method of filtering fluid is also provided in amclance with another
embodiment of the invention, the method comprigiagsing the fluid through at least one
membrane, or a filter comprising at least one maméyras described above. In one
embodiment, a method comprises for removing undlelematerial from a fluid comprises
passing the fluid from a first surface of a microppes membrane through a second surface of
the membrane, the first surface comprising a mmrops surface, the second surface
comprising a microporous surface; the membranenigaaimicroporous bulk between the
first surface and the second surface; wherein tamlonane has a machine direction and a
cross machine direction, and the first surfaceahplsirality of parallel channels in the

machine direction, wherein the channels have salswand bottom walls, the side walls
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comprising rough surfaces, the rough surfaces gaatmRa in the range of from about 4.5
pin to about 19.0 pin. In a preferred embodiménhe method, the method comprises
removing viruses from a protein containing fluith. some embodiments of the method, fluid
is passed through at least two membranes.

[0019] For example, in one embodiment, the method congpassing the fluid from a
first surface of a first microporous membrane tigloa second surface of the first membrane,
the first surface comprising a microporous surfélce,second surface comprising a
microporous surface; the first membrane having@apborous bulk between the first surface
and the second surface; wherein the first membnase machine direction and a cross
machine direction, and the first surface has agfityrof parallel channels in the machine
direction, wherein the channels have side wallslkattbm walls, the side walls comprising
rough surfaces, the rough surfaces having an Reeirange of from about 4.5 pin to about
19.0 pin, and passing the fluid from the seconéhserof the first microporous membrane
through a first surface of a second microporous brane and through a second surface of
the second membrane, the first surface of the skgwmmbrane comprising a microporous
surface, the second surface comprising a microposatface; the second membrane having a
microporous bulk between the first surface andséend surface; wherein the second
membrane has a machine direction and a cross nedhacttion, and the first surface has a
plurality of parallel channels in the machine dire, wherein the channels have side walls
and bottom walls, the side walls comprising rougtiexes, the rough surfaces having an Ra
in the range of from about 4.5 pin to about 1910 pi

[0020] In another embodiment of the method for filterihgd, the method comprises
passing the fluid from a first surface of a firatroporous membrane through a second
surface of the first membrane, the first surfacm@esing a microporous surface, the second
surface comprising a microporous surface; the ffireimbrane having a microporous bulk
between the first surface and the second surfalgerain the first membrane has a machine
direction and a cross machine direction, and tts¢ $urface has a plurality of parallel
channels in the machine direction, wherein the nhEnhave side walls and bottom walls, the
side walls comprising rough surfaces, the rougfases having an Ra in the range of from
about 4.5 pin to about 19.0 pin, and passing thd ffom the second surface of the first
microporous membrane through a second surfacs@t@d microporous membrane and
through a first surface of the second membranesdloend surface comprising a microporous

surface, the first surface comprising a microporsurace, the second membrane having a



microporous bulk between the second surface anfirghesurface; wherein the second
membrane has a machine direction and a cross nedhacttion, and the first surface has a
plurality of parallel channels in the machine diree, wherein the channels have side walls
and bottom walls, the side walls comprising rougtiexes, the rough surfaces having an Ra
in the range of from about 4.5 pin to about 1910 pi

[0021] In yet another embodiment of the method for filtgrfluid, the method comprises
passing the fluid from a second surface of a fir&roporous membrane and through a first
surface of the first membrane, the second surfaogdsing a microporous surface, the first
surface comprising a microporous surface, the firstnbrane having a microporous bulk
between the second surface and the first surfalserain the first membrane has a machine
direction and a cross machine direction, and tts¢ $urface has a plurality of parallel
channels in the machine direction, wherein the nhEnhave side walls and bottom walls, the
side walls comprising rough surfaces, the rougfases having an Ra in the range of from
about 4.5 pin to about 19.0 pin, and passing thd ffom the second surface of the first
microporous membrane through a second surfacs@t@d microporous membrane and
through a first surface of the second membranesdlbend surface comprising a microporous
surface, the first surface comprising a microporsur$ace, the second membrane having a
microporous bulk between the second surface anfirghesurface; wherein the second
membrane has a machine direction and a cross neadhection, and the first surface has a
plurality of parallel channels in the machine diree, wherein the channels have side walls
and bottom walls, the side walls comprising rougtiaces, the rough surfaces having an Ra
in the range of from about 4.5 pin to about 1910 pi

[0022] In yet another embodiment of the method for filtgrfluid, the method comprises
passing the fluid from a second surface of a fir&roporous membrane and through a first
surface of the first membrane, the second surfaogdsing a microporous surface, the first
surface comprising a microporous surface, the firstnbrane having a microporous bulk
between the second surface and the first surfaleerein the first membrane has a machine
direction and a cross machine direction, and tts¢ $urface has a plurality of parallel
channels in the machine direction, wherein the ohEnhave side walls and bottom walls, the
side walls comprising rough surfaces, the rougfases having an Ra in the range of from
about 4.5 pin to about 19.0 uin, and passing thd from the second surface of the first
microporous membrane through a first surface @caisd microporous membrane and

through a second surface of the second membramérshsurface of the second membrane



comprising a microporous surface, the second seidamprising a microporous surface; the
second membrane having a microporous bulk betwefirst surface and the second
surface; wherein the second membrane has a madingaéion and a cross machine

direction, and the first surface has a pluralitpafallel channels in the machine direction,
wherein the channels have side walls and bottortsytake side walls comprising rough
surfaces, the rough surfaces having an Ra in tigeraf from about 4.5 pin to about 19.0
pin.

[0023] In accordance with an embodiment of the inventeomethod of preparing a
membrane comprises obtaining a substrate comprisgwgface having a machine direction
and a cross machine direction and having paraielsions in the surface in the machine
direction; casting a polymeric solution on the aod; effecting phase separation of the
solution and forming a microporous membrane; apd|ipg the membrane from the
substrate, wherein portions of the membrane cantatte parallel abrasions in the surface
of the substrate are pulled away from the membraneing a membrane having a surface
with channels in the surface.

[0024] Without being limited to any mechanism, it is beéd that, while producing the
membrane, the phase inversion bath is not ablgéoact with (or interaction is reduced

with) the surface of the membrane that it is attacto the substrate. Thus, skinning (that can
reduce availability of pore channels) is reducAdditionally, or alternatively, and again
without being limited to any mechanism, it is beéd that the substrate is physically
entangled with the membrane, and when removingnibrane from the substrate after
casting and precipitating the polymer, the physyoahtangled substrate (e.g., polyethylene
terephthalate) pulls at the membrane, uncoverinigoaoviding surface pore channels that are
available for filtration. Furthermore, and againtheut being limited to any mechanism, it is
believed that the use of a substrate with machimetibn abrasions or grooves allows for
expulsion of air when the casting solution is agublio the substrate, thus reducing defects
such as pinholes in the resultant membrane.

[0025] A variety of substrates are suitable for preparmembranes according to
embodiments of the invention, as long as the satestras parallel abrasions or grooves in the
machine direction (along the length of the subsjraPreferably, the substrate is a non-paper
substrate. Suitable substrates include, for exanagbolyester such as polyethylene
terephthalate (PET) (e.g., commercially availalslé/&/LAR); polypropylene; polyethylene



(including polyethylene naphthalate (PEN); polyd¢he terephthalate glycol (PETG));
polyimide; polyphenylene oxide; nylon; and acrylics

[0026] The abrasions/grooves in the substrates can b&lpibisy a variety of processes,
including scoring, e.g., by laser or mechanicahalon. Preferably, the abrasions/grooves
are prepared by scoring the surface of the subsiisihg an abrasive, such as an abrasive
used for etching.

[0027] Typically, the substrate has in the range of aliéuib about 50 grooves/abrasions
per mm in the cross-machine (width) direction, erably, about 25 to about 35
grooves/abrasions per mm in the cross-machine Ifyviitection.

[0028] Typically, the Rz value (average depth betweerhtgbest peak and lowest valley
in each sampling length) for the depth of the gesowm the substrate is in the range of from
about 50 pin to about 175 pin, and the spacing éatvgrooves is typically in the range of
from 300 pin to about 2400 pin.

[0029] Optionally, and less preferably, the abraded/sceudxstrate can be further
treated, e.g., corona-, e-beam-, or plasma-trebtfdre casting the polymer solution on the
substrate.

[0030] Preferably, the membrane is prepared by an immegiase inversion quench
process. Typically, the phase inversion processiwes casting or extruding polymer
solution(s) into thin films on the abraded/groowsetbstrate, and precipitating the polymers
through one or more of the following: (a) evapmrabf the solvent and nonsolvent, (b)
exposure to a non-solvent vapor, such as waterryajich absorbs on the exposed surface,
(c) quenching in a non-solvent liquid (e.g., a ghiasmersion bath containing water, and/or
another non-solvent or solvent), and (d) thermallgnching a hot film so that the solubility
of the polymer is suddenly greatly reduced. Pl@agersion can be induced by the wet
process (immersion precipitation), vapor inducedsehseparation (VIPS), thermally induced
phase separation (TIPS), quenching, dry-wet casting solvent evaporation (dry casting).
Dry phase inversion differs from the wet or dry-wedcedure by the absence of immersion
coagulation. In these techniques, an initially bgeneous polymer solution becomes
thermodynamically unstable due to different exteefi@ects, and induces phase separation
into a polymer lean phase and a polymer rich pha$e. polymer rich phase forms the
matrix of the membrane, and the polymer lean pHzsang increased levels of solvents and

non-solvents, forms the pores.



[0031] The membrane is separated (e.g., peeled) fromutherate by a variety of

suitable techniques as is known in the art.

[0032] A variety of polymer solutions are suitable for us¢he invention, and are known
in the art. Suitable polymer solutions can inclyst@ymers such as, for example,
polyaromatics; sulfones (e.g., polysulfones, incigdaromatic polysulfones such as, for
example, polyethersulfone, polyether ether sulftasghenol A polysulfone,

polyarylsulfone, and polyphenylsulfone), polyamidaslyimides, polyvinylidene halides
(including polyvinylidene fluoride (PVDF)), polydies, such as polypropylene and
polymethylpentene, polyesters, polystyrenes, pobaaates, polyacrylonitriles (including
polyalkylacrylonitriles), cellulosic polymers (suels cellulose acetates and cellulose
nitrates), fluoropolymers, and polyetherether ket(fPEEK). Polymer solutions can include
a mixture of polymers, e.g., a hydrophobic polyieeg., a sulfone polymer) and a
hydrophilic polymer (e.g., polyvinylpyrrolidone).

[0033] In addition to one or more polymers, typical polyreelutions comprise at least
one solvent, and may further comprise at leastnamesolvent. Suitable solvents include, for
example, dimethyl formamide (DMF); N,N-dimethylaaeide (DMACc); N-methyl

pyrrolidone (NMP); dimethyl sulfoxide (DMSO), metrsulfoxide, tetramethylurea; dioxane;
diethyl succinate; chloroform; and tetrachloroetfiaand mixtures thereof. Suitable
nonsolvents include, for example, water; varioulygtbylene glycols (PEGs; e.g., PEG-200,
PEG-300, PEG-400, PEG-1000); various polypropylggeols; various alcohols, e.g.,
methanol, ethanol, isopropyl alcohol (IPA), amylatols, hexanols, heptanols, and octanols;
alkanes, such as hexane, propane, nitropropan@resp and octane; and ketone, ethers and
esters such as acetone, butyl ether, ethyl acetadeamyl acetate; acids, such as acetic acid,
citric acid, and lactic acid; and various saltghsas calcium chloride, magnesium chloride,
and lithium chloride; and mixtures thereof.

[0034] If desired, a solution comprising a polymer carilfar comprise, for example, one
or more polymerization initiators (e.g., any onermre of peroxides, ammonium persulfate,
aliphatic azo compounds (e.qg., 2,2’-azobis(2-anapinpane) dihydrochloride (V50)), and
combinations thereof), and/or minor ingredientshsag surfactants and/or release agents.
[0035] Suitable components of solutions are known in tihe lHustrative solutions
comprising polymers, and illustrative solvents andsolvents include those disclosed in, for
example, U.S. Patents 4,340,579; 4,629,563; 4,4004964,990, 5,444,097; 5,846,422,
5,906,742; 5,928,774, 6,045,899; 6,146,747; andg/ZD0.



[0036] While a variety of polymeric membranes can be peedun accordance with the
invention, in preferred embodiments, the membranesulfone membranes (more
preferably, polyethersulfone membranes and/or pylsalfone membranes), or
semi-crystalline membranes (for example, PVDF memés and/or polyamide membranes).
[0037] The membranes can be cast manually (e.g., pousst,ar spread by hand onto
the substrate) or automatically (e.g., poured betise cast onto a moving bed having the
substrate thereon).

[0038] A variety of casting techniques are known in thteaad are suitable. A variety of
devices known in the art can be used for castBigjitable devices include, for example, roll
coaters (forward or reverse roll coaters) or meidahspreaders, that comprise spreading
knives, doctor blades, or spray/pressurized systédme example of a roll coater is a reverse
roll coater, comprising a resin well into which testing formulation (polymer containing
solution) is introduced. A moving doctor rollerdatine coating gap regulate the distribution
of the casting formulation onto the substrateustiatively, polymer containing solutions can
be cast using a reverse roll coater having a gapdes the doctor roller and the substrate in
the range of, for example, about 5 to about 8 mils.

[0039] A variety of casting speeds are suitable as is kniovthe art. Typically, the
casting speed is at least about 3 feet per mirfjpie) ( more typically in the range of from
about 3 to about 40 fpm, in some embodiments ast lebout 5 fpm.

[0040] The membranes can have any suitable pore struetgrea pore size (for

example, as evidenced by bubble point, or byaK described in, for example, U.S. Patent
4,340,479, or evidenced by capillary condensation porometry), a mean flow pore (MFP)
size (e.g., when characterized using a poromeiegXample, a Porvair Porometer (Porvair
plc, Norfolk, UK), or a porometer available undee trademark POROLUX

(Porometer.com; Belgium)), a pore rating, a poesrditer (e.g., when characterized using the
modified OSU F2 test as described in, for exampl8, Patent 4,925,572), or removal rating
media. The pore structure used depends on thefihe particles to be utilized, the
composition of the fluid to be treated, and tharéeseffluent level of the treated fluid.

[0041] The porous surfaces of the membranes can haveu@aple mean pore size, e.g.,
as determined by, for example, calculating the ayesurface pore size from an SEM at
5,000X or 20,000X magnification. Typically, at #ahe first microporous skin surface has a
pore diameter of in the range of about 100 nm twaB50 nm in the channel walls and in the

range of about 50 nm to about 300 nm in the chanoitdms.
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[0042] Typically, the thickness of membranes accordingndodiments of the invention
is in the range of about 1.5 mils to about 6.5 npteferably, in the range of from about 3
mils to about 4 mils.

[0043] The membrane can have any desired critical westimtace tension (CWST, as
defined in, for example, U.S. Patent 4,925,572)e TWST can be selected as is known in
the art, e.g., as additionally disclosed in, foaraple, U.S. Patents 5,152,905, 5,443,743,
5,472,621, and 6,074,869. Typically, the membteaasea CWST of greater than about 70
dynes/cm (about 70 x TaN/cm), more typically greater than about 73 dyos{about 73 x
10° N/cm), and can have a CWST of about 78 dynes/boua78 x 1¢ N/cm) or more. In
some embodiments, the membrane has a CWST of 8Balynes/cm (about 82 x TtN/cm)
or more.

[0044] The surface characteristics of the membrane candukfied (e.g., to affect the
CWST, to include a surface charge, e.g., a positiveegative charge, and/or to alter the
polarity or hydrophilicity of the surface) by wet dry oxidation, by coating or depositing a
polymer on the surface, or by a grafting reactidodifications include, e.g., irradiation, a
polar or charged monomer, coating and/or curingstivéace with a charged polymer, and
carrying out chemical modification to attach funo@l groups on the surface. Grafting
reactions may be activated by exposure to an ersengice such as gas plasma, vapor
plasma, corona discharge, heat, a Van der Gra#rgéor, ultraviolet light, electron beam, or
to various other forms of radiation, or by surfatehing or deposition using a plasma
treatment.

[0045] A variety of fluids can be filtered in accordancehaembodiments of the
invention. Membranes according to embodimentf@fitvention can be used in a variety of
applications, including, for example, sterile flion applications, filtering fluids for medical
applications (including for home and/or for patiese, e.g., intravenous applications),
filtering fluids for the electronics industry, #lting fluids for the food and beverage industry,
clarification, and/or filtering cell culture fluidsPreferably, membranes according to
embodiments of the invention can be used in filigfluids for the pharmaceutical industry,
and filtering antibody- and/or protein-containiigids.

[0046] A variety of undesirable materials can be removethfa fluid in accordance with
embodiments of the invention. In a preferred ennbedt, the undesirable material is a
contaminant such as a virus, phage, or bactelisstrative viruses and phages that can be
removed include, for example phix174, PP7, PR77dMyland PPV. With respect to, for



11

example, PP7 and PR772, typically, the log reméaPP7 is about 6 or greater when the
challenge solution is concentrated aé fdi/mL, and the log removal for PR772 is about 6 0
greater when the challenge solution is concentraset pfu/mL.

[0047] In accordance with embodiments of the inventioa,rttembrane can have a
variety of configurations, including planar, plehtand/or hollow cylindrical.

[0048] Membranes according to embodiments of the inverdrertypically disposed in a
housing comprising at least one inlet and at leastoutlet and defining at least one fluid
flow path between the inlet and the outlet, whegrgifeast one inventive membrane or a filter
including at least one inventive membrane is actiosgluid flow path, to provide a filter
device or filter module. In an embodiment, a fildevice is provided comprising a housing
comprising an inlet and a first outlet, and defghanfirst fluid flow path between the inlet and
the first outlet; and at least one inventive membrar a filter comprising at least one
inventive membrane, the inventive membrane orfdtenprising at least one inventive
membrane being disposed in the housing acrossrstdidid flow path.

[0049] Preferably, for crossflow applications, at least anventive membrane or filter
comprising at least one inventive membrane is disgon a housing comprising at least one
inlet and at least two outlets and defining att@aferst fluid flow path between the inlet and
the first outlet, and a second fluid flow path be#w the inlet and the second outlet, wherein
the inventive membrane or filter comprising at tea®e inventive membrane is across the
first fluid flow path, to provide a filter device dilter module. In an illustrative embodiment,
the filter device comprises a crossflow filter mejuhe housing comprising an inlet, a first
outlet comprising a concentrate outlet, and a sttoalet comprising a permeate outlet, and
defining a first fluid flow path between the inkatd the first outlet, and a second fluid flow
path between the inlet and the second outlet, vilatdeast one inventive membrane or
filter comprising at least one inventive membramdisposed across the first fluid flow path.
[0050] The filter device or module may be sterilizablenyAousing of suitable shape
and providing an inlet and one or more outlets magmployed.

[0051] The housing can be fabricated from any suitable rigpervious material,
including any impervious thermoplastic material,jethis compatible with the fluid being
processed. For example, the housing can be fabdideom a metal, such as stainless steel,
or from a polymer, e.g., transparent or translupahgmer, such as an acrylic, polypropylene,
polystyrene, or a polycarbonated resin.
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[0052] The following examples further illustrate the intien but, of course, should not

be construed as in any way limiting its scope.
EXAMPLE 1

[0053] This example demonstrates the preparation of a memlaccording to an
embodiment of the invention.

[0054] A polyethylene terephthalate (PET) (Mylar A, DuP®eijin) substrate, 3 mil in
thickness, is unwound and passed along a seriedl@fs, including a 10.75 inch OD
abrasive roller (the abrasive roller coated witputarly spaced particles, ANSI designated
roughness of 320 grit), the abrasive roller rotatin-current about 16 feet per minute (fpom)
faster than the substrate, the substrate beingdpast the abrasive roller at a speed in the
range of about 20 fpm, and the abraded substrateusd on a final roller.

[0055] The grooves in the substrate have a depth of dffufiin to about 150 pin as
determined using a Pocket Surf Ill 1209 ML piezogie roughness meter (Mahr
Metrology). The grooves are about 800 pin wideasgied by a distance of about 400 pin (as
measured using an Olympus BH2-UMA light microscope)

[0056] A solution is prepared consisting of 21.0% polyesh#one (PES) E6020, mw
46-55,000 (BASF), 15.5% polyethylene glycol 200 @2B0) (Dow Chemical), 12.7% acetic
acid (AA) (JT Baker), 42.8% N,N-Dimethylacetamid®JAc) (DuPont Chemical), and
8.0% Poly(1-vinylpyrrolidoneso-vinyl acetate) (Pasdone S630, ISP Technologi€kg
abraded substrate is fed through a reverse rolecafa speed of 5 fpm (with a gap between
the doctor roller and the substrate in the randgeooh 5 to 8 mil wherein the rotational speed
of the doctor roller is in the range of from 5-Jn), wherein the substrate abrasions are
perpendicular to the lacquer well of the reverdkecaater, and the solution enters the
abrasions in the substrate in the machine directiisplacing air from the substrate during
casting. The solution is quenched in a liquid ph@MACc/DI water at a ratio of 45:55) 21°C
inversion bath at a residence time of 2.2 minutgslvent is washed from the membrane by
passing the membrane through DI water over a resglgme of 9 minutes.

[0057] The membrane is peeled from the substrate by machiaction peeling at a
speed in the range of 10-25 fpm, wherein the afaglpeeling is maintained between 90 and
180 degrees, and the peeled membrane is wouncdhdYewater wetted interleaf material
(polyphenyl sulfide), unwound from the interleafteraal, dried by passing it through an
oven at a speed of 10 fpm, and interleaved/rewamadeached in alcohol.
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EXAMPLE 2

[0058] This example demonstrates the preparation of a mamlaccording to an
another embodiment of the invention.

[0059] An abraded substrate is prepared as describedampe 1. A solution is
prepared consisting of 21.0% PES E6020, mw 46-85(BASF), 16.5% PEG200 (Dow
Chemical), 13.6% acetic acid AA (JT Baker), 45.5%Ax (DuPont Chemical), and 3.5%
(Pasdone S630, ISP Technologies). The solutioasg quenched, and the membrane is

peeled from the substrate, interleaved, dried,randund.
EXAMPLE 3

[0060] This example illustrates the scored surface of mbmane (the membrane surface
contacting and removed from an abraded surfacesabstrate) according to an embodiment
of the invention compared to the substrate-comg&urfaces of membranes removed from
substrates having non-abraded surfaces.

[0061] A solution is prepared as described in Examplen@,aast on a PET (Mylar A,
DuPont Teijin) substrate, 3 mil in thickness, wiretbe surface of the substrate has not been
abraded. The membrane is peeled from the subsintgdeaved, dried, and rewound. An
SEM of the substrate-contacting surface is showrign1A.

[0062] A solution is prepared as described in Exampkng, cast on a polymide
substrate DuPont Kapton HN 3 mil that is coronatted to provide a CWST of 44 dynes/cm,
wherein the surface of the substrate has not beded. The membrane is peeled from the
substrate, interleaved, dried, and rewound. An SEMe substrate-contacting surface is
shown in Fig. 1B.

[0063] A membrane is prepared and peeled from an abrag&ats as described in
Example 2. SEMs of the substrate-contacting sarfacd of the channels (longitudinal and
later views) are shown in Figures 2 and 3, respelgti

[0064] In contrast to Figures 1A and 1B, the surface efdmbodiment of the membrane
according to the invention shown in Figure 2 shavese open pores, and the side walls of
the channels have rough surfaces.
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EXAMPLE 4

[0065] This example describes the structure and dual i&ykyers in sequence)
filtration performance of the membranes preparefxample 1.

[0066] The membranes are virus grade (nominal 20 nm) aggrmomimembranes. The
roughness of the walls of the channels (side veadts bottom walls) is determined using an
atomic force microscope (AFM, Nanosurf Easyscaar®) the “line roughness” tool from
SPM control software (ver. 3.1). The line rouglse®l allows for the selection of
one-dimensional regions of the AFM and reportdstiel measures for the variations in
surface texture over the trace. Linear selectazagaken in the grain (machine) direction of
the channels in order to ensure that all point$yaed are selected at a constant elevation on
the ridge. The raw texture data selected is ctedeior gross linear deviations in height
through the application of a “line fit” filter. Ehresulting roughness statistics are therefore
independent of any linear trend in height variatimer the selected surface.

[0067] The Ra values (the arithmetric average of the absellues of the roughness
profile ordinates, 1 Ra = 1 microinch (uin)) of #ide walls of the membranes are in the
range of 5.4 to 8.9 pin, and the Ra values of tion walls are in the range of 0.5to 1.7
fin.

[0068] Between about 30% to about 40% the surface aree dirst surfaces of the
membranes have channels in the machine direction.

[0069] Membrane pore diameters for the retentive surfatkeomembranes (the
non-channeled surface) are determined by SEM sugace analysis, by calculating from an
SEM at 20,000X magnification.

[0070] The retentive surface of the membrane has poread@amin the range of about 20
nm to about 78 nm.

[0071] Membrane pore diameters for the channel walls @iaEbottom) are determined
by SEM surface pore analysis, by calculating fran8&M at 5,000X magnification.

[0072] The channel walls of the membranes have pore deamgt the range of about
100 nm to about 400 nm in the side walls, and enrtinge from about 50 nm to about 300
nm in the bottom walls. Figure 4 shows an SEMheffirst surface of this membrane,

showing a 350 nm pore in the channel side wall,af80 nm pore in channel bottom wall.
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[0073] Membrane pore diameters in the cross-sectionsiteddoelow with respect to
the retentive surface are determined by SEM suipace analysis, by calculating from an
SEM at 10,000X magnification.

[0074] Measured from the downstream retentive surfaceesponmediately above the
surface have pore diameters in the range of fromutab00 nm to about 400 nm, and pores in
the bulk 2 um above the surface have pore diamiténg range of from about 20 nm to
about 80 nm. Pores in the bulk 4 um above thesarfiave pore diameters in the range of
from about 20 nm to about 120 nm. Pores in thk 618 pm above the surface have pore
diameters in the range of from about 20 nm to aB80tnm.

[0075] Membrane pore diameters in the cross-sectionsiteddoelow with respect to
the first surface (the scored surface or filtratoinface) are determined by SEM pore
analysis, by calculating from an SEM at 5,000X mcgtion.

[0076] Measured from the upstream filtration surface, pamemediately below the
surface have pore diameters in the range of fromutab00 nm to about 400 nm, typically
about 280 nm.

[0077] Two membranes (each having a thickness of abouts3tonabout 4 mils) are
stacked together to provide a filter, wherein thstteam surface of each membrane is a
scored surface, i.e., the filter has an upstreaescsurface of the first membrane followed
by the downstream non-scored surface of the fisnhbrane, and the scored surface of the
second membrane contacts the downstream non-ssarf@de of the first membrane.
[0078] The membrane is challenged with 0.1 g/L SeraCdBe(&graCare Life Sciences,
Milford, MA) in sodium acetate buffer. The IgG ttughput (g/m) over 1 hour is 28.2.
[0079] The membrane is challenged with 1 wt% MP Biomedi&®A solution (MP
Biomedicals, Santa Ana, CA). The BSA throughpufi) over 2 hours is 8.0.

[0080] The waterflow for the membrane is greater than|#6fs per square meter per
hour (LMH).

EXAMPLE 5

[0081] This example describes the structure and dual &ykryers in sequence)
filtration performance of the membranes preparedxample 2.
[0082] The membranes are virus grade (nominal 20 nm) aggriomembranes. The

roughness of the walls of the channels (side veaits bottom walls) is determined using an



16

atomic force microscope (AFM, Nanosurf Easyscaar®) the “line roughness” tool from
SPM control software (ver. 3.1), as described iaraple 4.

[0083] The Ra values of the side walls of the membranesahe range of 9.5 to 15.6
pin, and the Ra valuess of the bottom walls atberrange of 0.5 to 1.7 pin.

[0084] Between about 30% to about 40% the surface aree dirst surfaces of the
membranes have channels in the machine direction.

[0085] Membrane pore diametei@ the retentive surface of the membranes (the
non-channeled surface) are determined by SEM sugace analysis, by calculating from an
SEM micrograph at 20,000X magnification.

[0086] The retentive surface of the membrane has poreadeamin the range of about 20
nm to about 84 nm.

[0087] Membrane pore diameters for the channel walls @ntkebottom) are determined
by SEM surface pore analysis, by calculating fran8&M at 5,000X magnification.

[0088] The channel walls of the membrane have pore diamegtéhe range of about 100
nm to about 450 nm in the side walls, and in tigeafrom about 50 nm to about 250 nm in
the bottom walls. Figure 5 shows an SEM of thet Surface of this membrane, showing a
400 nm pore in the channel side wall, and a 15(@are in channel bottom wall.

[0089] Membrane pore diameters in the cross-sectionsiteddoelow with respect to
the retentive surface are determined by SEM poaéyais, by calculating from an SEM at
10,000X magnification.

[0090] Measured from the downstream retentive surfaceesponmediately above the
surface have pore diameters in the range of fromutab00 nm to about 450 nm, and pores in
the bulk 2 um above the surface have pore diamigtéinge range of from about 20 nm to
about 110 nm. Pores in the bulk 4 pum above tHaseihave pore diameters in the range of
from about 20 nm to about 280 nm. Pores in thk 618 pm above the surface have pore
diameters in the range of from about 20 nm to ado0tnm.

[0091] Membrane pore diameters in the cross-sectionsileddoelow with respect to
the first surface (the scored surface or filtratoinface) are determined by SEM pore
analysis, by calculating from an SEM at 5,000X maggtion.

[0092] Measured from the upstream filtration surface, pamemediately below the
surface have pore diameters in the range of fromutab00 nm to about 450 nm, typically
about 400 nm.
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[0093] Two membranes (each having a thickness of aboulstonabout 4 mils) are
stacked together to provide a filter, wherein thstteam surface of each membrane is a
scored surface, i.e., the filter has an upstrearedcsurface of the first membrane followed
by the downstream non-scored surface of the fishbrane, and the scored surface of the
second membrane contacts the downstream non-ssarfage of the first membrane.
[0094] The membrane is challenged with 0.1 g/L SeraCdBe(&graCare Life Sciences,
Milford, MA) in sodium acetate buffer. The IgG tlughput (g/rf) over 1 hour is 12.

[0095] The membrane prepared according to Example 2 ikolgad with 1 wt% MP
Biomedicals BSA solution (MP Biomedicals, Santa ABA). The BSA throughput (kg
over 2 hours is 3.8.

[0096] The waterflow for the membrane is greater than I2961.
EXAMPLE 6

[0097] This example demonstrates the preparation andlayed (2 layers in sequence)
filtration performance of a membrane accordingrtotaer embodiment of the invention.
[0098] An abraded substrate is prepared as describedample 1. A solution is
prepared consisting of 7.71% Kynar 761 (Arkemajl% Kynar 761A (Arkema), 2.72%
comb polymer (Georez 48, Geochem), 57.30% DMAc @uPand 24.56% ethyl
acetoacetate (EAA, Eastman). The solution is castinched, and the polyvinylidene
fluoride (PVDF) membrane is peeled from the subbstaad dried as described in Example 2.
[0099] The solution is also cast on cast on a PET (MylaD@Pont Teijin) substrate, 3

mil in thickness, wherein the surface of the swdiethas not been abraded. The solution is
guenched and the membrane is peeled from the atdsind dried.

[0100] Two membranes are stacked together to providéea. filith respect to a filter
including scored membranes, the upstream surfaeaaf membrane is a scored surface, i.e.,
the filter has an upstream scored surface of tkerfiembrane followed by the downstream
non-scored surface of the first membrane, anddbeed surface of the second membrane
contacts the downstream non-scored surface ofrgtenfembrane.

[0101] The PVDF membranes are challenged with 0.5 g/LGa®lgG (SeraCare Life
Sciences, Milford, MA) in sodium acetate buffer.

[0102] After 1 hour the PVDF membrane peeled from an adstadibstrate according to
an embodiment of the invention shows a 117.5% aszdon average) in 1gG filtration
capacity compared to the PVDF membrane peeled &roon-abraded substrate.
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EXAMPLE 7

[0103] This example demonstrates the ability of dual lagembrane filters according to
embodiments of the invention to filter BSA and Ig@utions, compared to commercially
available dual layer membrane filters. Each lagehe commercially available membrane
filter contains a 3 layer composite virus filterimgembranes.

[0104] Membranes are prepared as described in Exampléd single layer membranes
have thicknesses of about 3 mils to about 4 milso membranes are stacked together to
provide a filter, wherein the upstream surfaceamffemembrane is a scored surface, i.e., the
filter has an upstream scored surface of therembrane followed by the downstream
non-scored surface of the first membrane, anddbeed surface of the second membrane
contacts the downstream non-scored surface ofrgtenfembrane.

[0105] Commercially available composite multi-layer vifiugering membranes are
obtained. The composite membranes have thickne$semut 5 mils to about 6 mils.
Obtained membranes are 2 membranes stacked tagether

[0106] In the following challenges, the challenge is @rout at a constant differential
pressure of 30 psi, and the flow rate is monitahedng the challenge and the challenge is
terminated when flux has decayed to 10% of théirfiux. Aliquots of filtered fluid are
collected and assayed for (depending on the clgd)aiheir phage, BSA, and IgG content.
[0107] The filters are challenged with 1 wt% MP BiomedscBSA solution (MP
Biomedicals, Santa Ana, CA) containing’ Ju/ml PP7 phages (25 nm nominal diameter)
and 16 pfu/ml PR 772 phages (53 nm nominal diameterhiosphate buffered saline (PBS).
[0108] Additionally, filters are challenged with 0.1 g/le@Care 1gG (SeraCare Life
Sciences, Milford, MA) in sodium acetate buffer.

[0109] Comparing BSA throughput in kgfmafter two hours, the filter according to the
invention processes about 8.0 kg/in contrast with about 5.4 kgfrfor the commercially
available filter. Thus, filters according to anleydiment of the invention show about a 48%
greater capacity to filter BSA solutions comparethe commercially available filters,
wherein the differences are statistically significaccording to a 2 sample t-test.

[0110] Both the filters according to an embodiment ofitheention and the
commercially available filters provide a PR772rtitetention of >6 @ 90% flux decay.
[0111] Both the filters according to an embodiment ofitheention and the
commercially available filters provide a PP7 titeduction of >7 @ 90% flux decay.
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[0112] Comparing IgG throughput in gfmafter 1.5 hours, the filters having 2
membranes according to the invention show capaatgivalent to those of the filters
having 2 commercially available membranes (theediffices are not statistically significant

according to a 2 sample t-test).

[0113] All references, including publications, patent agations, and patents, cited
herein are hereby incorporated by reference tcdhnge extent as if each reference were
individually and specifically indicated to be inporated by reference and were set forth in
its entirety herein.

[0114] The use of the terms “a” and “an” and “the” andl&stst one” and similar
referents in the context of describing the invem{iespecially in the context of the following
claims) are to be construed to cover both the $amgund the plural, unless otherwise
indicated herein or clearly contradicted by contekite use of the term “at least one”
followed by a list of one or more items (for examplat least one of A and B”) is to be
construed to mean one item selected from the ligteas (A or B) or any combination of two
or more of the listed items (A and B), unless othgee indicated herein or clearly

contradicted by context. The terms “comprisindgyaving,” “including,” and “containing”

are to be construed as open-ended terms (i.e.,ingeancluding, but not limited to,”) unless
otherwise noted. Recitation of ranges of valuesiheare merely intended to serve as a
shorthand method of referring individually to eagparate value falling within the range,
unless otherwise indicated herein, and each sepaahie is incorporated into the
specification as if it were individually recitedreen. All methods described herein can be
performed in any suitable order unless otherwidecated herein or otherwise clearly
contradicted by context. The use of any and ahgXes, or exemplary language (e.g., “such
as”) provided herein, is intended merely to batteminate the invention and does not pose a
limitation on the scope of the invention unlesseotfise claimed. No language in the
specification should be construed as indicatingramy-claimed element as essential to the
practice of the invention.

[0115] Preferred embodiments of this invention are desdriterein, including the best
mode known to the inventors for carrying out theeimtion. Variations of those preferred
embodiments may become apparent to those of oydgkdt in the art upon reading the
foregoing description. The inventors expect sHigtisans to employ such variations as

appropriate, and the inventors intend for the itleento be practiced otherwise than as
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specifically described herein. Accordingly, tmsention includes all modifications and
equivalents of the subject matter recited in tlaénts appended hereto as permitted by
applicable law. Moreover, any combination of thewe-described elements in all possible
variations thereof is encompassed by the inventidass otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIM(S):

1. A microporous polymeric membrane comprising
(@) a first surface, comprising a microporous stefa
(b) a second surface comprising a microporous seyfand
(c) a microporous bulk between the first surface e second surface;

wherein the membrane has a machine direction @noss machine

direction, and the first surface has a pluralitpafallel channels in the
machine direction, wherein the channels have salswnd bottom walls, the
side walls comprising rough surfaces, the rougfases having an Ra in the

range of from about 4.5 pin to about 19.0 pin.

2. The membrane of claim 1, wherein the channels bale walls having

rougher surfaces than the bottom walls.

3. The membrane of claim 1 or 2, wherein the sidisiave rough surfaces

having an Ra in the range of about 5 pin to abquin9

4, The membrane of claim 1 or 2, wherein the siddswave rough surfaces

having an Ra in the range of about 9.5 pin to abhéw@ pin.

5. The membrane of any one of claims 1-4, whereieast about 35% of the

first surface has the plurality of parallel charsnelthe machine direction.

6. The membrane of any one of claims 1-5, comggiaisulfone membrane.
7. The membrane of claim 6, comprising a polyethiézae membrane.
8. The membrane of any one of claims 1-5, compgisipolyamide membrane,

or a PVDF membrane.
9. A filter comprising at least one membrane accgydb any one of claims 1-8.

10.  Afilter comprising at least two membranes adic to any one of claims

1-8.
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11. A method of removing undesirable material fraftuid, the method
comprising passing the fluid from a first surfad@anicroporous membrane through a
second surface of the membrane, the first surfaogdsing a microporous surface, the
second surface comprising a microporous surfaeemmbrane having a microporous bulk
between the first surface and the second surfalgerain the membrane has a machine
direction and a cross machine direction, and tts¢ $urface has a plurality of parallel
channels in the machine direction, wherein the nhEnhave side walls and bottom walls, the
side walls comprising rough surfaces, the rougfases having an Ra in the range of from

about 4.5 pin to about 19.0 pin.

12.  The method of claim 11, comprising removingises from a protein

containing fluid.

13. A method of removing undesirable material fraftuid, the method

comprising passing the fluid through the filterotdim 9.

14. A method of removing undesirable material fraftuid, the method

comprising passing the fluid through the filterctdim 10.

15. A method of preparing a membrane comprising:

obtaining a substrate comprising a surface haaingachine direction and a
cross machine direction and having parallel abresio the surface in the machine direction;

casting a polymeric solution on the surface;

effecting phase separation of the solution anchilog a microporous
membrane; and,

peeling the membrane from the substrate, whemitions of the membrane
contacting the parallel abrasions in the surfadh@fubstrate are pulled away from the

membrane, forming a membrane having a surfaceckidimnels in the surface.



