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Background of the Invention

[003] Porous membranes may be used in a wide variety of applications
including filtration technology. The physical and chemical demands on materials used
in casting porous membranes can be stringent and difficult to meet. On the one hand it
is often desirable to have a membrane comprised of a bulk matrix, e.g. a polymer, which
is mechanically strong, thermally stable and chemically inert to most solvents. Typically,
polymers meeting these needs will be hydrophobic, although hydrophilic porous
membranes, e.g., comprising cellulose, polyamides and the like have been described.
Membranes comprised of a hydrophobic bulk matrix will typically have hydrophobic
surfaces and thus need to be pre-wetted with an organic solvent in order for most
aqueous solutions to pass through. Pre-wetting, however, introduces contaminants,

and increases the time and cost of the separation.



[ 004] Porous nmenbranes are typically used in the
separation and purification of conplex bionolecules
conprised of proteins, peptides, |ipids, carbohydrates
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described to date. These approaches, however, are not without their shortcomings.
[006] One general approach to the problem involves the grafting of a
hydrophilic material onto the surface of a porous membrane. Grafting results in a
covalently linked coating on the surface of the membrane, see, e.g., U.S. Patent Nos.:
3,253,057, 4,151,225; 4,278,777 and 4,311,573. Grafting may be performed by
random oxidation using plasma or corona discharge. This approach may be employed
for surface activation of polymer films. Its effects are generally limited due to the limited

penetration of active gas species into the porous material.



[007] Grafting may have del eterious effects on the
bul k matri x of the porous nenbrane. The del eterious
effects to a menbrane i ntroduced by grafting include
an increased tendency of the grafted nenbrane to
swell, which in turn may alter the integrity of the

nerafihgl Rag hbfe RRRite MGUIBREELS iohithe Mﬂ@ﬂnaﬁﬂ@bhﬁb porous

oyl
rmdif]| cation"technique 1s the formation of

mem%fa‘ﬁ%s 'Itwﬁéqg&gterl%%ls Ietd {0 é;%tﬁr%‘ﬁ W&@izeg ?}Egreﬂﬁﬁg include an

e course of reer polyner
as_dj U S. Pat

. hilic S sclosed in th

increaash §hgsncy bR Sieried Saembinscd swab mich I g iy alger the
used. [009] Methods that teach coating the nenbrane

integrifyraf dae Marobragerand lepd tepoogpsimeabilitycoat i ng nol ecul e
and an acrylic cross-linker have been described, see,
e[@N8] UAaothetmodifiettyrotechnigueads the forosation rdf thinesoss-linked
coated with polyethylene glycol (PEG using argon

polynférefififortHeh@embran@elifaté o9eOthe-dourse bf ﬁ@efia@rbélopdl?m@rlzatron of
descri bed, see, e.g. Wang et al., 2002, J. Menb

hydrc?‘h'rlrc' ménomeRSas @ﬁs‘?:%%d iRIMEYLS: PRES é1€ﬂ‘g @dA*éb}Iﬂc' Bééed

i nadequat e penetration Into
i.al re are several drsadvantages
crossﬁﬁ%%’g aa{?é%‘[ %thuﬁqg use of acrylic- based coatings.
n ng . these are fhe oor stability towar
+ Rl e Mtipds et Tednitennting: log TRORRrAHOSWEAGH WER 2 iure of

preferred method for cleaning filter assenblies
desirallamoating gnelece andearaarylie cronsdirtker have beenrtesgebed, see, e.g.
that these coatings typically exhibit poor heat
U.S. PbhlB,193,077 1 Also, poesusisientbrahes goatedf wilticpolyetisdene glycol (PEG)
nmononers which would nmake a good protein-repellent

usrngsé‘r@BﬁCp?asrﬁQ%Mogﬂah 'abaylr%rcﬁdééllﬂﬁl{éf HiRedIs®BEen 'E%%Br%’éd see, e.g.,

maylnvo ve the introduction of trace anounts of

Wan%?{ >?’ddZ‘: SOV 1“@5 fia re% ﬁgglrgrﬁ’ted utility due its

opposrte Y, charge pro
nacdiRBi el IS HerbBe e oy 2 " P

[010] There are several disadvantages associated with the use of acrylic-

based coatings. Included among these are their poor stability towards treatment with a
concentrated alkaline solution, a preferred method for cleaning filter assemblies
comprising porous membranes. Another disadvantage is that these coatings typically
exhibit poor heat stability, thus precluding the use of PEG-based monomers which
would make a good protein-repellent surface. Additionally, previously described
methods may involve the introduction of trace amounts of carboxylic groups to the
membrane, which tend to attract oppositely, charged proteins resulting in non-specific

binding to the membrane. Finally, pore plugging remains a problem with many



previ ously described techni ques used to nodify porous
menbrane surfaces thus I|imting application of this
technique. [011] It would, therefore, be desirable to
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embodiments the invention provides porous membranes comprised of modified

surfaces which impart desirable chemical or physical properties which are tailored to
meet the needs of specific applications. In some embodiments the invention provides a
porous membrane wherein, the modified surface comprises a polymeric composition,
which does not require pre-wetting with an organic solvent prior to filtration of a solution,
and which minimizes the non-specific interactions of biomolecules (e.g., the
hydrophobic, or charge-charge interaction between the membrane and a protein,
peptide, lipid, or carbohydrate, or other molecule derived from a biological source, that
is passed through the membrane), and which maintains stability under suitable

conditions for cleaning the porous membrane, e.g., alkaline conditions. The surface-



nodi fyi ng conposition may contact all the surfaces of

t he porous nenbrane, including the surfaces which

l'ine the pores which traverse the nmenbrane. [013] In
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solvent e.g., to wash away non-polymerized material.

[014] In other embodiments the invention provides a system for modifying at
least a portion of the surface of a porous membrane comprising: a) a porous membrane
having a surface; b)ymonomers comprised of two or more polymerizable groups, or a
mixture of monomers where at least one of the monomers is comprised of, or consists

essentially of, only one polymerizable group and at least one of the monomers is

comprised of two or more polymerizable groups; c) a cationic polymerization initiator;



solvent and 4) a source of energy. [015] In yet other
enbodi nents the invention provides a nodified porous
menbrane conprising: a porous menbrane having a
surface; wherein nononers conprised of two or nore
pol ymeri zabl e groups, or a m xture of nononmers where
and )agptionghy pne ve maretdidgherdolioming 1)Jurciignal swhopiersp?) additives; 3) a
consi sts essentially of, only one polynerizable group
solveatdnd¥) hestirceofendrgiyhe nononers is conprised of two
or nore polynerizable groups are polynerized in
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menbrane. [017] In still other enbodi nents the
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conprising one or nore bionol ecul es, where the nethod
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or md’?’é%l;’rﬂ@rizable groups, or a mixture of monomers where at least one of the
monomers is comprised of, or consists essentially of, only one polymerizable group and
at least one of the monomers is comprised of two or more polymerizable groups; 2) a
cationic polymerization initiator; and 3) optionally one or more of the following: functional
monomers, additives both of which are described infra, and a solvent c) polymerizing
the monomers of 1) thereby modifying at least a portion of the surface of the porous
membrane.

[017]  In still other embodiments the invention provides a method of filtering a

solution comprising one or more biomolecules, where the method comprises contacting



sol ution conprising one or nore bionol ecul es, wherein
t he nmenbrane surface has been at |east partially
nodi fied by a) contacting the porous nmenbrane with: 1)
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coati ngs and encapsul ants, see, e.g., U S. Patent No.
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[018] In certain embodiments the invention relates to the surprising discovery

that cationic polymerization may be used to modify at least a portion of the surface of a
porous membrane comprised of a bulk matrix, e.g., a polymer. Cationic polymerization
has been used to create sealants, coatings and encapsulants, see, e.g., U.S. Patent
No. 4,058,401. In some instances, these coatings are applied as paint or coatings on
solid objects such as aluminum cans, but not as surface-modifying compositions of
porous membranes.

[019] Cationic polymerization involves three phases: initiation, propagation
and termination. The reaction begins with the generation of an initiator bearing a
positive charge. Typically, cationic polymerization may be initiated by strong acids in an

environment free of nucleophiles. Propagation follows next and involves the addition of



Term nati on ends the propagation reaction and occurs

when the growi ng chain reconbines with any

nucl eophi |l e such as an am ne or water nol ecule. [020]
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[021]  Photo-initiators useful for generating strong acids as initiators of cationic
polymerization include diazonium salts, onium salts, and organometallic complexes,
which may induce the formation of a strong acid when an external energy source is
applied. The onium salts may include salts of Group Vla elements. The salts may be
aromatic onium salts. Cations of onium salts may typically be comprised of

diphenyliodonium and triphenylsulfonium, as well as their substituted variants.

Examples of suitable onium salts include, but are not limited to, diphenyl iodonium



fl uoroborate, triphenylsulfonium chloride,
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nononers is conprised of two or nore pol ynerizabl e

desiggdrgEetioh eate. OAateme Q. Pathmosphiedie huaiidispyn®e qoesgiatRtreaction. In
usi ng any suitable solvent, e.g. an organi ¢ sol vent

sombf@ﬁbb&Méh%fhé@oﬁdéﬂtraﬂaﬁ%| elf r(ﬁgt m%wa ht: 0.1-20%

di ssolve it or swell it tot nt t e por

we@{tzﬁloﬁ @?@&v’ﬁ al?thﬁ C%??gwgﬁgi,be@g 1n§me§ egrig% |g$to lrég Yoecific

s, a sol vent y eva ted rior to
embﬁgm% tpgé:ppgﬁntrqlt,lprb@ﬁtgp '%'Fefﬂtﬂﬂl 5ol vent used
may be 9 renoved fromthe msnbrane by evapor ati ng,
fr - difhe sglutiopcf pedimerizakie numosagnierg., monomers comprised of

two or more polymerizable groups, or a mixture of monomers where at least one of the
monomers is comprised of, or consists essentially of, only one polymerizable group and
at least one of the monomers is comprised of two or more polymerizable groups) for
cationic polymerization may be prepared using any suitable solvent, e.g. an organic
solvent that is inert to the porous membrane (i.e., will not dissolve it or swell it to the
extent that the pore size integrity is compromised), or water or no solvent at all.

[024] In certain embodiments where water is used as a solvent it may be

evaporated prior to polymerization. In other embodiments any solvent used may be



etc. In sone enbodinents the partition of nonomers
fromthe solvent onto the surface of the nenbrane
prior to polynerization is also contenpl ated thereby
elimnating the need for renoval or evaporation of

remove from thenrmembiiang hy evepor@iingefieeze-trying, éxchadginigrfabhen-solvent,
to forego using any solvent, e.g., using only one or

etc. Imsoeneempueiments! the paptitoresfsmendmers froit thetsolveri@nt@the surface
dense coating is desired. The nenbrane will remain

of the?fhéﬁ#b?aﬁé‘briw {d p&?mfeirihbﬁ&h is afso cdriteiipldted BierBBY %Iimi]nating the

ux. This type of nodified nmenbrane may be use

need SoHRh A BPEVEIARRAS of AT, SR BERSANIHE ey be
. di,ssolving conponents of the pol ri zati on m x ,
desirgbIR i foreBR s AbR R Eedh &)d vt 08 Of bk Marg polrasiaable
t he pol yneri zation reaction in sone cases, suitable _
MONQgEr$ hitiateryBen a drsraaaatingdn denired.e The membeane will remain
than 1 % less than 0.1 % less than 0.01 % I|ess than
porous. lnawilipelfiled, itdrait will 060Have flux. Waisdype sf mwelifiesmembrane may
solvent, it has to be renoved,e.g. evaporated, prior

be uskd isidizgdis ik éxaenplel yneri zation reaction. Suitable
solvents for nmenbranes conprised of various bul k

Tml\;bar]r‘)(()r miéﬁl"o'balnﬁeﬁtﬁ v@iﬁ?éiad&siv%: i?‘gllséa, t-ﬁégcﬂ?\g/éw gégﬂ' t5e capable

ane nateria vents ose, ar%riS
. I , hanol ., . Ppl ysul f.ones | sopr.opanol
of s igr BRI pp i) B srigSlon B LRRErs o BRERRIS eto). Because
Ipol et hersg{ﬁf o&e, petrol eum et her, benzene, .
watergpay gHERGN 17 PYINEIETIZRHON reaqtioRdR SEMshEAIesn suligRle solvents may
Pol yvi nyl i dene fluoride Pol ytetrafl uoroethyl ene,
have adowwatgecontant, e.@&t lessdhan 1%, less than 0.1%, less than 0.01%, less than
0.001%, less than 0.0001%. If water is used as solvent, it has to be removed,e.qg.
evaporated, prior to effecting the polymerization reaction. Suitable solvents for

membranes comprised of various bulk matrix materials is provided below in Table 1:

Table 1

Membrane material Solvents

Cellulose, Polyamides, Water, Methanol, Ethanol,
Polysulfones Isopropanol, acetonitrile,
(polysulfone, hexane, cyclohexane,
polyethersulfone, petroleum ether, benzene,

polyphenylsulfone, etc.) | tetrachloromethane
and Polyvinylidene

fluoride

Polytetrafluoroethylene, | Water, Methanol, Ethanol,
FEP Isopropanol, acetonitrile,
Polyolefins hexane, cyclohexane,
(polyethylene, petroleum ether, diethyl ether,
polypropylene) acetone, tetrahydrofuran,

dichloromethane

10



FEP | sopropanol, acetonitrile, Polyolefins hexane,

cycl ohexane, (polyethylene, petrol eum ether, diethyl

et her, pol ypropyl ene) acetone, tetrahydrofuran,

di chl oronet hane 10 [026] A variety of useful

additives to the cationic polynerization reaction are

contenpl ated in sone enbodi nents. Additives may

i 260 deAdiariehobysaitladsitives toi the rcationispalynearizatinnsreaction are

whi ch nmay be added to the cationic polynerization
conterrgrated dn sbmecembodimeritbe Additvesthaginelode afluéme, photosensitizers

pol yneri zation reaction. In certain enbodi nents these

and rétardEs Swiieh ne4y Be addle 8tk E&HidHIS %bgﬁr%r'iz%tibh%action to control
cationic polynerization reaction. Thése reagents my

e 405 4 oGl Ry ed 8 o B B s
eS8 58 B3R cBhe P bl racton. These

i ncl ude any nucl eophile, such as an amne, a
reagepts payrthes épd.@ﬁgﬂomatr therdegree o pelymgrization of the monomer,
phot osensiti zers are pol ynuclear aromatic conmpounds,
whichsua transkte nta déferenipswellieg aad dtatslity lbehaviotofée modified
additives may include surfactants. Thus, the

memisiahé 3efat® diEahitdes of SUTRIbIETBNUdHES FRdlldle 8Ay hDcRePRile, such as an
enbodi ments with a suitable surfactant to prevent the

amine?,gd %ﬁgﬁwefrib%ﬂ‘&d?%?gha Quatér. OExz%tﬂgHs'@%o@c?{e&éﬁ[}zﬁefiggé;‘ﬁ&xﬂuclear

ure an even coating o

a i.table surfactant inecludes "
aromaite e Bautts, SuEH ebrtiatahp AiBha- 2 REGIehe. Pieraddiives may
i Functi onal noners are al sg_ contenpl ated as ) )
mclud&oil@fﬂq?%ntﬁy Thugr e suitasermesiéying bolEermABRECOmbined in some

pol yneri zati on reaction in sonme enbodi nents. These
embodipagniamith asyitale sonfpeiané tb preveat thecpolymet firom beading up on the

functional groups and may be chosen to inpart a
membrpreistirfacpaaddotensue dhevercbating of ail targetedes @faceshén example

ability to attract, bind or repel an
of a suitable surfactant includes hexadecafluorosulphonic acid potassium salt.

[027]  Functional monomers are also contemplated as potentially useful
additions to the cationic polymerization reaction in some embodiments. These reagents
may be comprised of particular chemical functional groups and may be chosen to impart
a specific property to the membrane surface, e.g., the ability to attract, bind or repel an
analyte of interest contained in a sample to be applied to the porous membrane as part
of a separation method. Vinyl ethers and glycidyl ethers may be derivatized with a

variety of chemical species and thus provide functional monomers. Another functional

monomer may include molecules containing a quaternary ammonium salt (with a non-
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anal yte of interest contained in a sanple to be
applied to the porous nenbrane as part of a
separation nmethod. Vinyl ethers and glycidyl ethers
may be derivatized with a variety of chem cal species
nuclezophtlib coupterionyl antl ensdlymesizalbiergroep Soulkhied beed to incorporate a
functional nononmer may include nol ecul es containing a
periHASRY PNt ePCRENGE iMTb IRE imdMbidhed non 11 nucl eophilic
counterion) and a polynerizable group could be used to
I ncorporate a permanent positive charge into the
menbr ane. Por ous Menbranes and Surface-nodifying
Pol rs_[028] .| ertain..embadi nents the invention
Porgift YERSahS8 Bhd SR PRl NS ST eI at | cact &
partiaIIY nodi fied surface. In sone enbodi nents al
sul928es Ineertainembedmenteiie iaMentigrepiayides a gorausgnembrane
by applying a polyneric conposition to the surface,
comipris|ngdatigastreepaiaiiy vexifiéchs urfadeh el npsnnes emtbiodimentsvall swfaces of
the depth of the nenbrane. Any nmenbrane may be
the pobiusiraémbtagacainodified, BY. YR APBIRINg palymetRSsdrhPesltion to the
erein. The nenbrane may conprise a hydrophobic or
; . I g : : . i,
surfgmé’?,hlﬁﬂbdinp‘)che Wukfac8&lihing tﬁ%&)%?%@%vh\@ﬂ JF%}/é@e gﬁéljii(lgﬂétﬁdof the

a polyneric conposlt ydro

r j . . .an be_ ..
merfiBiahET el R TRng PR bE R Fr BERURRE Shmeization oo
or, elimna non- speci fic binding of nolecul es .
desGiAcLheii 10 THSTTHTae B SRORIH 2 fydSeRNaRR oL BYRroRBilic bulk
menbrane. [029] Depending on the presence and type of
matgx aratedal whialk is medifiegrwitihe palymeec cemplesitienr €:g., a hydrophilic
material of the nenbrane, the surface-nodifying
polyowarpds isomenembypdionentayhe memibaneavay eetrhydified kethgt cationic
the surface of the nenbrane. Thus, in sonme enbodi nents

polyriitizZatbh 3eeagdinhiy bPeliMateBbh SpeelRBindihg df Yhdlbciilbs contained in
over the surface of the porous nenbrane, “but wll not

= s TSR bho ALy WPrRdERg, o 1 rorerene
Co‘[’(?ﬂsﬁ nt b%pghg%igncﬂw {hheepr%ggﬁci:g dnd %?puel‘ E)fs chemical functional groups in the
bulk matrix material of the membrane, the surface-modifying composition may or may
not be covalently linked to the surface of the membrane. Thus, in some embodiments
the surface-modifying polymeric composition will fit over the surface of the porous
membrane, but will not be chemically bound to the surface of the membrane.
Advantageously, modifying the membrane without covalently binding the coating results
in a surface which provides for a more robust and stable membrane that is not subject

to swelling, and the accompanying compromise to structural integrity experienced by

grafted membranes when placed in an aqueous solvent. The surface-modifying
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in a surface which provides for a nore robust and
stabl e nenbrane that is not subject to swelling, and
t he acconpanyi ng conprom se to structural integrity
experienced by grafted nmenbranes when placed in an
aqueous solvent. The surface-nodifying 12 conposition

conﬁgﬁgiﬁg Conﬁé{c%%qqseﬂ&? pég/enﬁlngiﬁ%eﬁ&y%%ﬂpw&ﬂa%omers that will not be
ydrol ysis which otherw se m_ght occur under

subJ@éhfda a@@m& Rygplygisdviigh oéh\%rwm@lgmé)qwr gndeneenstitions employed in
prior to use, e.g., before a bio-separation, or during

cleaping thgeporp0s Ojerﬁlbnanelnrfoact@ ueé, ¢.ge hedoreus bivesdparatomeyr during
be nodified without the use of acryl ate-based

stordgerct i onal ities or the use of plasma or corona
di scharge, thus avoiding the toxicities associated

co;t i Cr YhkGufaag Rt R@f%strhémlb?ﬁﬁe g-{é‘?/ @%@ﬁ%‘d‘f\mthout the use of

g penetration ihto the pores

sl SRR SRS P B DRkt aviin

i.fied usjin di atjon induced cat
the {33{cpisr35stianen vl i eage0Beand dpe ass than adeavate coating
both exterior surfaces of the nenbrane, e.g. a top
peneliatiociato theneeres of g mesebraae resulting&om plasmanand corona
surfaces which line the pores which traverse the depth

dischéargehenreamie embotlimentstthe sudfacs of Banroti® nidmbranktio modified using
surface. [031] The bulk matrix of a porous nenbrane

radi&ifoh ﬁh@lu@@dﬂ@étléﬁg p@&n@éﬁtaﬁ@ht Hrfaceas Qfsbé'he?éllﬁh réFérsOtB%oth
or more polynmers. Representative suitabl e polymers fo

exteanF B4 mhg‘?ﬁé’#‘ﬁﬁ s p@lrhgtndgnﬂﬁ% ?LL(% ki Hécélﬁ‘slrh\mell as

olyet ylene pen ene

1nter$cPre arl§:§§ 3@1 %@n% n(geor%rﬁ(yy &ftngs%dthgodéﬁh %F ﬁ1e membrane from

pol y(t etrafl uoroet hyl ene), ponV|nyI|dene fluoride or
the foResurface:to the botiamrsixtasesuch as pol ysul f one,

pol yet hersul fone or the |ike; polyesters including

po[03d{ hy The dulkemarix dfa aomuspnb;rﬂnnam oy bescembprised af any suitable

or the |ike; polyacrylates and
material such as one or more polymers. Representative suitable polymers for forming
the porous membrane include polyolefins such as polyethylene, polypropylene,
polymethylpentene, or the like; polystyrene or substituted polystyrenes; fluorinated
polymers including poly(tetrafluoroethylene), polyvinylidene fluoride or the like;
polysulfones such as polysulfone, polyethersulfone or the like; polyesters including
polyethylene terephthalate, polybutylene terephthalate or the like; polyacrylates and
polycarbonates; vinyl polymers such as polyvinyl chloride and polyacrylonitriles;

cellulosics such as cellulose, nitrocellulose, and cellulose acetate; polyamides.

Copolymers may also be used to form a bulk matrix of a porous material including
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pol ycar bonat es; vinyl polyners such as pol yvinyl

chl oride and polyacrylonitriles; cellulosics such as
cellul ose, nitrocellul ose, and cellul ose acetate;

pol yam des. Copol ynmers nmay al so be used to forma

of a ous terial udi n
Copola/mﬁgﬁépédaﬁn%@ia VEFRE. “Q?Sﬁde‘?ﬁgyJePPch’%P)ﬁlﬁf‘E&OPOIYmer
et hyl ene- propyl ene copol yner,
ethyl@teryhl@r@rlgwr@emmrfe peRAEMRY PEthe iepol ymer or the
i ke. [032] Generally, the porous nenbrane has an

ay@dzjge Gemeeally, iiee parayisngefmboane Aad@h dverage pors iae ranging from
0.1 to 5 mcrons, 0.01 to 1 mcron. In sone

0.00 50 higahs, 0.N%0 MRIre8s P01 € JirdRrdrd Qrgorﬁé‘érn%ﬁdlmbﬂts the
ot her enbodi ments t he average pore size is O.

T

o598 5 SRS S BB S 04

mmroh@e nbra ea%n%ép %g egcgstfgﬁe%og\yg]ﬁrﬂr?% Pufﬁsqg%rfaces, or top
surface nodi fyi ng pol yneric conp03|t|on of the porous

and heftent andaces8f the neeiRprangs May range framtlahPe0 ruereRsr 50-500

_ conprised of two or nore polynerizable groups, or a
micromisx ¥ 2800 hicnens 98k $5Gumicrenat | east one of the nonomners
is conprised of, or consists essentially of, only one

p{d3ater rrhakziuefageouomew@b polyhesit camposifior bﬁthméﬁfnembrane
is conprised of two or nore polynerizable groups . The

may lﬁ’é’hdﬁ%h‘séé‘%\‘ §n @Qﬁé’&@rmﬂﬁdméf‘%ﬁ'\ﬁﬁséd BP Pg-lore golymenzable

sol vent - sol ubl e pol yneri zabl oners

[
s ML TRRHHO Ry AR O 0 %gmﬂ%& §igomprised o,
ane i ncl ude, | ene

or CofBRG SSRGS, B ERBbE GToub Anvat lgasi e the

and pol yet hyl ene diglycidyl ether, Nafion vinyl
monastersris compsise of twie op BIa78Inslymerizahle geems aTh;Q; polymerizable

pol yam des, poly-N-vinyl pyrrolidone, polysiloxanes,
monopadrynapidludeca rponge sf soleentesoluble3tlyrherizabie monomers that do not

enbodi ments the surface nodifying polyner nay be
bear hiélegptili¢ gfoups (alcohols, amines, thiols, etc.). Examples of polymers suitable
for modifying a membrane surface may include polyethylene glycol (PEG), including
polyethylene glycol divinyl ether and polyethylene diglycidyl ether, Nafion vinyl ethers,
as well as polyolefins, polyacrylates, polyamides, poly-N-vinylpyrrolidone, polysiloxanes,
polyoxazoline, polystyrenics.

[034] In some embodiments the surface modifying polymer may be hydrophilic.

The hydrophilic polymer may be neutral in charge so as to minimize any non-specific

binding to the modified membrane surface. In other embodiments the surface modifying

polymer may provide other desirable chemical properties, e.g., a polar surface, or a
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The hydrophilic polynmer may be neutral in charge so as
to mnimze any non-specific binding to the nodified
menbrane surface. In other enbodi nents the surface
nodi fying polynmer may provide other desirable
chemi.cal _properties .g., @ polar surface, or a 14 .
speciSRtiAfy Gt Bty ar mataaln BiBi1S prbpishe b, fe-Sufiee moditying
enbodi nents, the surface-podifying polynmer may be .
polyrghpiaysee comppsed of priyalsrzakimaenpmersmitich tarm a surface-modifying
surface-nodi fying polynmer or a cross-linked filmon
polymer oe asiross-jiked fiim of at least arfoatien of the suofamesof a porous
menbrane. I n sonme enbodi nents the pol ynerizabl e

menfiransE Irs st dmbedifnts e pblyndériAibid hfondrtEremay Becomprised of
I i nkages. The pol ynerizabl e nononers may be conpri sed

alipf%iic%%/or‘gth@?oﬁrﬁﬁ%.t We?)ﬁ%@?if%leﬂ&%ﬁ@%gﬂrb‘éuéb?nprised of one

may react ©nthe nic polymnerizati

[ 1 : f ' le chem cal functional .
or mpfRE it oA BlnclonBlorolRs i Bieh eas! Mabramgonic
styrene derivatives, vinyl ethers, and_i n general i
polyigtEalien IastAn o Gaenipes ALSUALIe ChemIGH funridna) growpsnclude
substituents: alcoxy, phenyl, vinyl and 1,1-dialkyl.
epoxidesssechlas@lygsidyl @thersnatyrenetedvaiives, yoyhetbersz anddn iggneral
cationic polynerization is heterocycles, such as

carbbhicarzoredoulnly dands etitheoise of thet follewingesubstifilemtskdlédad phenyl, vinyl
artisan will appreciate that the choice of nonomers

and WM 1.dialdyP VA QRneedlidlads SMBAcdHED groidd FRy@riddble by cationic
cross-link density, flowtine, flux, anhd anal yt

polyﬁgﬁgﬂﬁfzéﬁﬁtér%ﬁkleg Ns G& L&t irmo%ggﬁlétﬁe?{] ﬁ%ctpp“e%ieétp The skilled

oners may be pres

: . . ] 0
artis B B s oo SRS RIS b Gl cver such
~vol une/ vol upe; 1-40% vol ue/ vol ume; 2-15%
variaplgs g £ipssling density digw §mendiuy oandranalyte peliency.
enbodi nents the pol yneri zabl e nononers may be present
at[035L onloeertain embodimentsdhe potyinaerizb®é munomedrs shaybe present in
In specific enbodinents the pol ynerizabl e nononers
the initizll deatipgaenixiireait accarveaaatioRof 0/5-000%0/6lume/volume, 0.5-50%

vol une/ vol une. In other specific enbodi nents the
volueoitihe 28308, TBRAENSIuRY 1240% volume/volume; 2-15% volume/volume:
5-10% volume/volume. In some embodiments the polymerizable monomers may be
present at a concentration of greater than 10% volume/volume. In specific
embodiments the polymerizable monomers may be present at a concentration of 10%
volume/volume. In other specific embodiments the polymerizable monomers may be
present at a concentration of 20% volume/volume. In other specific embodiments the

polymerizable monomers may be present at a concentration of 30% volume/volume. In

still other specific embodiments the polymerizable monomers may be present at a
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present at a concentration of 20% vol une/vol une. In

ot her specific enbodi nents the polynerizable nononers
may be present at a concentration of 30%

vol une/volune. In still other specific enbodi nents
the pol ynerizable nDnoners may be present at a 15

concERP&tEEH 6\‘5‘7 OB Vol un%ﬁ n%%ﬂﬁé Ylﬁlln TRe etnlﬂ SIUHé %Enﬁembrane

entire vol une 0 rane res Wt

pre AR cRBHARERT e, oven Z”f}e{ oae] I sors

nodi fying at least a portion of the surface of a
por ous nenbrane w thout the use of acrylic reagents.
In other enbodi nents the invention provides a nethod
Methefls @bihe lnvegtions | east a portion of the surface of a
porous nenbrane w thout the use of plasnma energy. In
st{086] otlhesomecaipbddimeenits thd invientien prevides anmetdsd af modifying at
nmet hod of nodifying at |least a portion of the surface
least® pértiBRCP Hse SBTREOEa WoFdl%UfheHIﬁaHé WltﬁBuﬂfh%f idd8F a&ylt reagents.

covalently binding a surface-nodifying polyneric

In otlﬁé}@ﬂﬁbélh%@té &eﬁnQQﬁtﬁ’cﬁipf@i@s@ﬁeﬁ%é 819@1 dnfg?ﬁ&t Ié‘%st & portion of

nventi on provi

| east a pa of th urface of
the sfJBRES Bt A oBusweBRirane Sfing b et Ues PhgRiina sieidy-o o stil other
surface of the porous nenbrane with a sol ution
emb%m&ptss,thednvqr)tm pravisies methnd 9f3mﬁg|fyng ajlsassia portion of the
di gl yci dyl ether and 3) di phenyl iodonium
surfane i il poyo o meEnpirane; without e ase of frafting, e g hcoiateratlyi inding a
pot assium salt b) renoving solvent fromthe porous

surfas@misdifiengpolgiverie) cormpskifioldtd & porslsomeniirahe 80Fasé. b)
to ultra-violet Ilght such that the nononer of a)

T?Q‘T]ET 1% Grthdr&Pabodiigh fﬂeyl éhﬁ‘or{rﬁf o!??%eéme?hcgd of modifying at

ysul fones, such as po yet may i ntera

leastago@rs G T SOl R BBl ARGt st one
surface of %ded;l)érlo%rs] n?cfamgrarr%en\?vittq% ssglgt?onagéggrising: 1)methanol; 2)
polyethylene glycol diglycidy! ether and 3) diphenyl iodonium hexafluorophosphate; 4)
hexadecaflurosulphonic acid potassium salt b) removing solvent from the porous
membrane of a); c) exposing the porous membrane of b) to ultra-violet light such that
the monomer of a) polymerizes.

[038] Some polymeric membranes, e.g. polysulfones, such as polyether
sulfone, may interact in a deleterious manner with polyfunctional monomers.
Accordingly the methods of the invention contemplate the addition of a rinsing step after

the polysulfone membrane has been contacted with the cationic polymerization initiator
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t he pol ysul fone nmenbrane has been contacted wth the
cationic polynerization initiator 16 and the
pol yneri zabl e nononer. The rinse nmay be perforned
using a suitable solvent. Additional rinsing steps
after polynerization are also contenplated. [039] In
and genpolgmieddabie menarheer The ninselmay be peforraed asingf a sbitable solvent.
solvent used in the cationic polynerization the

Add:tn@w@lrrtnsmg éteps eter poNhRIRLAELE Bré bﬁ,oa@wtémﬁméd.st ep of
appl ying a suitable noisture barrier to the porous

gﬁp’?gﬁ{‘: In-Q&%éTQhﬁbHrrﬁ%H@ra’ffe‘? erﬂB\v’al. &ffg{%\rpgoﬁ o'?} ?]f the solvent used

cont al ner suc

nod BT AL P om0 P aEind Bapet e o

d th wh th
apph@ﬂé %@Eg@?qtéfq n%melt’ tgrqa I anrtoug %r%%gar@\/u'[shqgm%ﬁsetgre barrier may

SU|tabIe barrier will be one that is transparent to
compriggha sujtaaie|contaisen suchoasabagne @ ianeelysthylenei bags or imonitrogen
provi des a nmethod of controlling the degree and

blankettveith hiet pratett dhé yiergbrek)fram indoistume irs tHe attmasphers. The barrier
one or nore surfaces of a porous nenbrane, e.g., by

may bei dHle € trdRsthit radiahERERGN s Wﬁbr%ﬂhb'en‘é?é&ﬁéource is light energy,
errbodl ments the invention provides a neth

suchcég‘ng |g?lh't r%ﬁﬁl%l% hgﬂ’lér%ﬁ \r}aq‘f Stlwag Ls%zlarﬁ%)atrgﬁrtgﬂ@hg o
aﬁﬂg@g, RGN Bt O{%Sﬁﬁﬂ%@@m PaeniAn Biovidks ¥ Fiesod o controling

urt her enbodi nents the invention provides a nethod of
the CWS&PQ Fna gxtens thataogifyiag Redyroerc rempesiionwiovarsone or more
sui tabl e chem cal functionality by including one or
surfaces ©f afparous orexhbrameoewy. sby usingealiloanisaori retardants. In still other
pol ynmeri zation reaction. [041] In sone enbodi nents of

embbdithenty & inventidtepRRidyssa W@m@@aecmrom@tr@ﬂm rifet dhdfor flux of
pol yneri zabl e nononer and cationic inititator and

poroGQHé?ﬂB‘r'a'nlé ﬂbtng’h%y‘?ﬁvdl\@gér%ﬁgﬁmt Jl#’é‘oﬁﬁg‘&gﬁbentration of

nononers, a sol vent "for

suﬁq@eﬂﬁ{)@@mé gply%qeilq%q{ﬁﬁg‘gt’loé %bd% ?he concenQratlon of int |at%r

In further embodiments the invention provides a method of modifying a surface of a
porous membrane with a suitable chemical functionality by including one or more
functional monomers in the cationic polymerization reaction.

[041] In some embodiments of the invention the porous membrane is
contacted with a polymerizable monomer and cationic inititator and optionally one or
more of the following functional monomers, and a solvent for 1-30 minutes; for 2-5
minutes; for 1-3 minutes; for 0.5 -10 minutes; for 2-3 minutes; for 1-2 minutes: for 5-7

minutes. In some embodiments the porous membrane is contacted with a solution
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m nutes. In sone enbodi nents the porous nenbrane is
contacted with a solution 17 conprising 1) a solvent;
2) a polynerizable mononer and 3) a cationic

pol ynerization initiator for nore than 10 m nutes.

042] . At nospheric hym di.ty may affect rate and L
comRiB4IEL BFOVRAL 2 RN EHEdbIEoRmEr ord SEaIRRNE Polymerization
.. polynerization according to the invention may be
initiatge faranaksthan 19 minktes-ty rangi ng from 0-100% I n sone

enbodi nents the humdity is Iess than 90% I|ess than

8(042]1 eddmokpheri©btimiditysmahaffe6Die ratssand degres0df theess

than 40% less than 30% |ess than 20% | ess than

polyniéiizatibAs8adtia) Sationie pdlynerizatiobtadcBrdifg ke the invention may be

enbodi nents cationic polynerization may be perfornmed

perfof gé af H!ﬂ&lﬁi@iyxy gﬁr@ﬂ% lﬂ%?h 0-1%?/)‘%.(5@?98&1%! érﬁbo&iﬁé@ﬂ% humidity is

hum etter reaction nm

o 535 166 ! B38BT AE e Pt B3 50% s

t nosphe e.g., under a dry nitrogen blanket. In
© 40%, less BROA0 % lgsE ﬂﬂm2§%1, W@rth%/laﬂioc"/ “Bssihan %, jess than 1%. In
perfornmed at a humdity greater than 0% a higher
otherssnkediments eatiasfic palymetization may be padfetmed at armumidity dess than
for the increased hum dity conpared to the

100%: oBeretalig} iherlowef thenhtimidityris ubedetter @36 Fegstidnhtriay b843htrolled.
The porous nmenbranes described herein may be used in

Thus & ¥ome! rhb8dihiHtS BRASHAE bBIYmME 288N rhﬁ% Fg HedrieH iR @bmpletely dry

imted to the separation of one or

|
atmo r%@: Q@HLﬁﬁerésdr?:hailtg | I’%P“Qge'g'tiﬁ%gbs%gﬁ%{%% ﬁ&xﬁvrization

n,>’protein

be .an i n ohul i.n. such as_| lgA,. lgM 1gD LgE _. ..
reactigh i PRHBITEN oF SQUMOLY BFRatERKDc%. f Hiahid onamraton of initator
functional equival ents may include inmmunogl obulin _
may be Hgerbia sompensate fet thenneipasadihumidity omipated tesihe concentration
antigenic epitope. The porous nenbranes of the
of initiatoreusedat Ofyhwmiditged f or nanofiltrati on,
ultra-filtration and mcro-filtration separations.

[043] The porous membranes described herein may be used in any
filtration/separation method, including but not limited to the separation of one or more
biomolecules. As an example the biomolecules may be a protein, protein fragment or
peptide. The protein may be an immunoglobulin such as IgG, IgA, IgM, IgD, IgE or
functional equivalent thereof. Immunoglobulin functional equivalents may include
immunoglobulin fragments, which retain the ability to bind their antigenic epitope. The

porous membranes of the invention may be used for nanofiltration, ultra-filtration and

micro-filtration separations.
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18 [044] The porous nenbranes descri bed herein may be
engi neered to chemcally bind a specific anal yte
contained in a sanple solution which is passed
through the filter by the incorporation of at |east
one functional nononer into polyneric surface coating.

o PRPL TR Rto R e e el h@;ﬂsﬂ' i %ﬁ to

: he surface-nodj f nmeric 0Si t

cherBa bRt & Shedicataivte canjinbddl Besaslersoutan wheh is passed
incorporate a specific Iigand of the desired

throughibe; filtea by the li@g@gw@rﬁﬂoafof ehleashoea fungiiongusionpmer into polymeric
certain enbodi nents the invention also provides a

surfaxestoatinforAs amdkaiypley ascheamitakfenofiormalipgrwhish nesdis svith. and binds
The system may include a porous nenbrane, a cationic

the deRired %\tn@lyt@m?éy%@ eﬁ?m@@féﬁ PRd YHESS i Fade- ﬁ]o@wmgq;"o?ymah@

system may also optionally include one or nbre of the

comﬁ@énﬂ&‘("' e g% ﬁ%rY@%mpgﬁgoﬁ?néyélgo bfeh“&é?gfohé’é}%h tg incorporate a

nononers, nore rnitiator,

S e . urce of ionizing or
specﬁ@ﬁ_q%gio?ﬁﬁ%dgﬁlégtg))qnq%ﬂng@% enbodi nents the energy
source may be ultra violet radiation. A suitable
source of ultra violet radiation may include W
conveyor with two UV |ight sources, one on top and one
Systemstdi¢hebveptipnas nanuf act ured by Fusion UV Systens,
Inc. (Gaithersburg, MD). In other enbodinents the

erfedf)y daweraimambbdiméentslties inventibaalgo providdsadbgstem for
source of an electron beam may include a conveyor

mod?ﬂnﬁ?‘ addurfiee! FsLsorblls théBRInd. RISy é’fbﬁWn‘éP/ |ﬁ&ﬁdé’éadﬁ?b§s

one manuf actured by the Energy Sciences, Inc.

mem%Ygﬁ@dqgét%ﬁlc h/mato ! Bn@bRE or %Fg%[bgﬁg é%qﬁqé gﬁﬂfodners The system

rit I on, sour ce rray

may gftuod maéy fp%ﬁm 05 2k ireiof i P gl SolBY, one or more

functional monomers, one or more additives, a photo initiator, an energy source, e.g., a
source of ionizing or non-ionizing energy. In some embodiments the energy source
may be ultra violet radiation. A suitable source of ultra violet radiation may include UV
conveyor with two UV light sources, one on top and one on the bottom, as
manufactured by Fusion UV Systems, Inc. (Gaithersburg, MD). In other embodiments
the energy source may be an electron beam. A suitable source of an electron beam
may include a conveyor with an enclosed EB chamber in the middle, for example as the
one manufactured by the Energy Sciences, Inc. (Wilmington, MA). In other

embodiments of the invention, energy source may not be required to initiate
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solution. [046] In certain enbodi nments the invention

provi des an automated system for nodifying a surface

of a porous nenbrane. Thus any, or all, of the steps

may be automated, including mxing the initiator,
polyrnehz/étwnpwmmafnaymwymplp effectet>tiyus strohg @empan@uusy present in

pol yfuncti onal nononers, and solvent, applying t
solutdnxture to at least a part of the surface of a porous

menbrane, rinsing the nenbrane and renovi ng sol vent

4 PE e
mdf8bEn %&Eﬁﬁﬁ* %&?ogﬁ*%ﬁgﬁw.nﬁﬁﬁ.piwmaﬁ@ﬂ? scHsystem for
OI ut| on of et hyl ene di vi nyl (10%
@dicrrou MRIAP %e 3 HO &P ﬁ%\@estms may be
vv/v) vvas prepared in nethanol. A mcroporous PVDF
autometest, areluding Imixing theriritiaiozepolyiunstiomal zoonemersr 8 caiktue of mono-
inthis solution for 2-5 mnutes, renoved and dried
and pwiyminctimualmomemaiahdrsdlvemmbplyiag tivis aigtlre o at Bl part of the
4 ml|l polyethylene bag. It was then run through an
surfa@letdf%rb&r@b@ﬁnérh%arfeoﬁM@M?ﬁhé%’érﬁB%é’\ér‘id’rerﬁWnE ‘é%l\fé'nt from the
UV Systems F450 ultraviolet bul bs (above and below t
mem ane) at a speed of 25 ft/mn. The nmenbrane vvas
then renoved fromthe bag, extracted with nethanol
usi ng a Soxhl et apparatus and dr| ed in air. The final
menbrane had a slight yeIEI XAHRIES ¢ i nt conpared to the
initial menbrane. Wi ght add-on was approxi mtely
Examjflen1: &G nediffed evemaltrade Ustired cativniap&ychesization anddpy
(ATR IR) clearly denonstrated that the PEG pol yner
WE84 P e¥e8blubon oh polyetyiamegyusl @iginyl dther [IWhARNcand diphenyl

wetted spont aneously with water and showed uni form

|odor¥|&i|911r J?é?i@flhblzopﬂb% E‘%r\ﬁﬁlﬂdatsj) %ﬁg e mqﬁ@ttngnol-r C{l\?‘mcroporous

was con I rme menbr ane
VOB TSR, el BRI ATEE B AR LR hon o2

minutes, removed and dried in air to remove methanol, and then placed in a clear 4 mil

modi

polyethylene bag. It was then run through an Ultra-Violet (UV) conveyor equipped with
two Fusion UV Systems F450 ultraviolet bulbs (above and below the membrane) at a
speed of 25 ft/min. The membrane was then removed from the bag, extracted with
methanol using a Soxhlet apparatus, and dried in air. The final membrane had a slight
yellowish tint compared to the initial membrane. Weight add-on was approximately
10%, and the Attenuated Total Infra-Red Spectroscopy (ATR-IR) clearly demonstrated
that the PEG polymer was present on the membrane surface. The membrane wetted
spontaneously with water and showed uniform hydrophilic character across its whole

depth. This finding was confirmed by wetting the membrane and observing it with
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water to flow through easily and had a water flux |oss
of approximately 10% conpared to an unnodified
menbrane (flow tinme of 100 nL MIIiQ water of 50
seconds vs. 42 seconds). The nodified nenbrane
envir@xhemntat 8dahming fecteomMicrodcomy (SEMpgThenadifigsh atembrane allowed
anti-rabbit 1gG. Flux and protein binding remained

waterltﬁcfbwmc%ﬁ tasilyaantt had b e fiux fosstef ploMT@\@élyHlO% compared
of npari son data are present ed in Tabl e

to an ;\ﬁlf\ﬁ‘lo%ilf%d:ﬁﬁ%\ﬁﬁﬂ hH@éﬁgaAé i st16y mﬁrml@ QV%]%IQ(@ 56’5 vs. 42

wat er sec ) of (ug/cnR) Tres

o e SR Zﬁépg@m o goa

and treated wwth M NaOH4 for 3 hours Q.22
anti-rghp gfa@pé” lgx and pigteybinging iemained yacbangad atter g3chpus exposure
m xture of acrylates according to 4,618,533) 0.22 um
to a 1M, selptier of Nafid Gomparisem dateaner presentediin 7 ablev2 NaoH
for 3 hours *Durapore(r) is a PVDF nenbrane Exanple 2:
PEG nodi fi ed nmenbrane using cationic polynerization

Tableand EB

Flow time of 100 mL of Protein (IgG) binding
MilliQ water (seconds) of (ug/cm2)
freshly modified membrane

0.22 um PVDF membrane 50 18
as prepared in example 1
0.22 um PVDF membrane 50 18

as prepared in example 1
and treated with 1M NaOH
for 3 hours

0.22 um Durapore®* 49 17
membrane (hydrophilized
with a mixture of acrylates
according t0 4,618,533)

0.22 um Durapore® 420 124
membrane treated with 1M
NaOH for 3 hours

*Durapore® is a PVDF membrane

Example 2: PEG modified membrane using cationic polymerization and EB

[048] A solution of polyethylene glycol divinyl ether (20% v/v), diphenyl
iodonium hexafluorophosphate (0.2% wi/v), and hexadecafluorosulphonic acid
potassium salt (HFSK) (2% w/v) was prepared in methanol. A microporous UPE
membrane with a pore size rating of 1.0 um was soaked in this solution for 2-5 minutes,

removed from the solution and dried in air to remove the methanol. The membrane was
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[048] A solution of polyethylene glycol divinyl ether
(20% v/ v), Biphenyl iodonium hexafl uorophosphate
(0.2% w v), and hexadecaf | uor osul phonic acid

pot assium salt (HFSK) (2% w v) was prepared in

met hanol. A microporous UPE nenbrane with a pore size

expddEh PuPeiefiydn PERHTIERITIE ol kelvaia WtePasfie 7 MRads. The
remove the nol nenbr s 21 exposed . .

mergian WA e TR oA AN OLiung Rsore Srneirat. Bd Giigd in air. The

. dosage of 2 MRads. The nenbrane was extracted with _

flnalmmgﬁme had ayedowipirindconmaied te he anginal materiah Hiwetted well in
The final nmenbrane had a yellowi sh tint conpared to

waterh@esghtgdehon measearoahd 60t7 Qdetanelflove time of 108Gt of water increased
Wei ght add-on was around 60-70% and flow tinme of 100

fromnd s@torvdd fof annmneedified nigrebiafeI8 G6EechHRds fIt the modified one.
unnodi fi ed nenbrane to 5-6 seconds for the nodified

Prot%@eom?lﬁb%‘f%atlérﬂm% \fvgsfﬁb' /gRabrane was 50 ug/cme.

oni c ynerl ation of glycidyl ethers
on PVDF menbr anes [049] A net hanolic sol ution was
prepared contai ni ng hexadecaf | uorosul phonic acid
potassiun1salt (HFSK) (1% v), diphenyl iodonium

Exaripl éc?faypﬁmmﬁ e sasion o) v shermien by b fembranes

ne wit ore si.ze ratin 022 um was, soaked_in
5'521911 ol fimethanBiic solstioh waseyeBrwiskiaiaRg Wpxadecaflyorosulphonic
alr to renove the nethanol, and then placed in a clear
acid potassiyo spdt(MFiSKId 1 Bay/v)l diphesy! iotiemumunexafuonephaspbete (1% wiv)
conveyor at the speed 10 ft/ mn. The nmenbrane was kept

and ethyldres glyegl digigicidlybetbdr (20% vév)o e mievopbfsusf PVYDF enibrane with
renoved, extracted with nethanol using a Soxhl et

poreaé?f@Fa?tIrigSO 221fin Wasesbakedah this SBRitlbh T8t 2B AeS r@ﬁﬂ)ved and dried
t he sama appearance as original nmaterial, wetted very

in alt’)‘% i ‘(’)‘@Eqﬁe@%‘ﬁg %ngﬁhgﬂpég%%gﬁ @fg%? 4% Bﬁgﬁg\&fgn‘%’ Bag. It was
then rpggﬁr e%puq,\ggfqé;gggéﬁg&hgcs%%%d 4 0 Ptlsmn\r’yl ‘H;g lrjlger%éeane was kept in the
bag and placed in the oven at 50°C for 1 hour; removed, extracted with methanol using
a Soxhlet apparatus, and dried in air. The final membrane had the same appearance as
original material, wetted very well in water, had a weight add-on of 7.9% and protein

binding of 14.8 ug/cm?. For comparison, the membrane prepared under the same

conditions without oven treatment was hydrophobic.

Example 4: Cationic polymerization of glycidyl ethers without heating

[050] The Procedure in Example 3 was repeated, the membrane was not put

in the oven, but allowed to stay in the bag at room temperature for a 24-hour period,
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Exanpl e 4: Cationic polynerization of glycidyl ethers
Wi t hout heating [050] The Procedure in Exanple 3 was
repeat ed, the nenbrane was not put in the oven, but
allowed to stay in the bag at roomtenperature for a

aﬂeﬁ)@«h@*‘#ﬁﬁ?ﬁ h@@wﬁ@@ﬁé feliied Bt had the same

ear ance, as ori material, wetted ry well in

APPEBRDRE S ARG oy W a oneis e weiah add-on of

bi ndi ng of 12.9 ug/cn2. Exanple 5: Cationic
30.4%0 lapdhs proseindinading of dRyuglgm®et hers wi t hout heat i ng

[051] The Procedure in Exanple 4 was repeated with

pol yet hyl ene gl ycol diglycidyl ether (MWVN550,

Al drich) (20%v/v) instead of ethylene glycol

di glycidyl ether. The nenbrane was not put in the

Exafpi5: [BHtiodld puipshetriatidrdif diglylchtlyl Beteraivithe0theating
tenperature for a 17-hour perio after which rinsing

anfhapyt r FRLIFEBCHRR iR EXaMIB 4 waér Fsﬁ)édté@bvltﬁ‘?jw&ﬁﬂehé%lycol

t he sane appearance as ori gl nal materi al wet ted ver Yy

dlgl)}’@clloil e'tﬁbr WGSVSO mi@)ﬁg%wxﬁﬂg% n@reéﬁ@eﬁégybg)}“ﬂ iglycidyl ether.
Theﬁ%@bﬁqneé' 5%“”@58}1%%%% %@ﬁ@@a 8V bt Bag at room

et hyl ene gl ycol yci d et her (MW 550,
temwr ¥ur@rf§>r@ﬂé’%anxeer@ﬁdageh erlrgwr;g:en gxtagtioryyere performed.
ether (10% v/v) in the coating m x. The nenbrane was
Thelfisaat membranenhiadithesame appearance hswrigjinadateriabmietted very well in
rinsing and extraction were performed. The final

watere hhd aneeightiatiddonssiad. 6 BrRRRa @?@t@lrﬁismdr bER.7 ug/em?2.
material, wetted very well in water, wei ght add-on

16. 2% and protein binding 28.5 ug/cer Exanple 7:
Cationic polynerization of glycidyl ethers on UPE

Exaﬁioi@ét ot Praifegery oﬁs&e'gﬁgtﬁ%ﬁeyi. dyl et her
47:5'? p%g‘]’l’o%eé)ure in léF)iamm?e rvz\;}gse repea?ecﬂev r%rfr? pwﬂ/ethylene glycol

diglycidyl ether (MW 550, Aldrich) (10% v/v) and ethylene glycol diglycidyl ether (10%
v/v) in the coating mix. The membrane was left at room temperature for 17 hours, after
which rinsing and extraction were performed. The final membrane had the same
appearance as original material, wetted very well in water, had weight add-on 16.2%

and protein binding 28.5 ug/cm?.
Example 7: Cationic polymerization of glycidyl ethers on UPE membranes

[053] The Procedure of Example 5 was repeated using 20% ethylene glycol

diglycidyl ether, 2% HFSK, and 1.0 um UPE membrane. The membrane was left in the
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23 bag to cure at roomtenperature for 17 hours. After
extraction and drying, the nenbrane wetted with water
qui ckly and uniformy. Wi ght add-on was 50-60% fl ux
| oss was negligible. Exanpl e 8: Cationic
ol ynerization of ethylene glycol diglycidyl ether and
bag y‘elat rgwdemﬂer@turﬂa%rdﬂ harps néiter extracli@band ingng, the
Procedure of Exanple 7 was repeated with 20% et hyl ene
membiryo wettdd ghigtcweidr qriidkdy and dniforml. WeigEaddobh maise50-60%, flux
wi th added 5% (w/ v) benzyl glycidyl ether. Wi ght
loss #@d-rieyligmte 50-60% flux |oss was negligible. Infrared
spectrumindicated the presence of aromatic character
in the msnbrane coating (700 cm). Exanple 9: Cationic

Exaggg @sﬁ:; i‘@é W%%%éﬁﬁ%@'%ﬁ%sg&%@kﬂﬁg VT Ry appenay

glye 79/'3 i odoni um hexaf | uorophosphat e
DPILHP)_(0.4% w v) was prepared in nmeth

m [QﬁﬂboThmErcm_eQUﬁ%ﬁBEaa@pw { Wvasepgates \eﬂtfz 80fyaethy¢ene glycol
0.22 umwas soaked in this solution for 30 m nutes,

diglycidlybetber abdiaet.Dyum iUtie themmbiang, Withsamdedi 5 (mﬂv)mmnapl glycidyl
nmet hanol, dried in air for 10 m nutes, and then

etheEWQigﬁﬂaH@-thNé@&d$0% fibeiobs Washesyh lblétdhﬁbrélﬂspérdlmm indicated
merrbrane was then extracted vvlth nmet hanol using a

the p%%(rﬁkar ane a%%ar cﬁ@rdm% Bra”’Hé coa-ﬂrhrg {7’09%% ¥ he

aslig t yel t| nt co
initial rrenbrane V\él ght add on was about 4% and the
Attenuated Total Reflectance Infra- Red Spectroscopy

cl ear | em)nst at e res e of PEG

Exaréﬁﬁﬁéfgtm'q PRlYMesBHemE shymdat%t‘ﬁe g HEs agglrane

Br oxi mately 50% conpared to unnodi f| ed nenbrane

f[P8% tA seluipn oholyethyiene glyaat divingt etber $3¢%nde) and dipbenyl

seconds). The 24 nodified nmenbrane exhibited very | ow

iodomiunt kexafliorsphugphate RIHR)ND.4% vgopivaspréparedn imethanol. A
microporous PES membrane with the pore size rating 0.22 um was soaked in this
solution for 30 minutes, removed, briefly rinsed with 0.4% solution of DPIHP in
methanol, dried in air for 10 minutes, and then exposed to 10 MRads of electron beam
radiation. The membrane was then extracted with methanol using a Soxhlet apparatus,
and dried in air. The final membrane had a slight yellowish tint compared to the initial
membrane. Weight add-on was about 4%, and the Attenuated Total Reflectance Infra-
Red Spectroscopy (ATR-IR) clearly demonstrated the presence of PEG polymer on the

membrane surface. Flux loss was approximately 50% compared to unmodified

membrane (flow time of 100 mL MilliQ water of 32 seconds vs. 20 seconds). The
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gG . Exanple 10: Cationic polynerization of glycidyl

et hers on PVDF nenbrane using water as a sol vent

[ 056] An aqueous sol ution was prepared containing

hexadecaf | uor osul phonic acid potassium salt (HFSK)

(2% w v), diphenyl iodonium hexafl uorophosphate (1 %
modifled mediistart kxhibited geyic Riw Praséindiindihg €1 6.2rurh29Hb ¥f yoat anti-rabbit

A m croporous PVDF nenbrane with pore size rating
IgG)Q- 22 umwas prewetted with isopropanol, exchanged into

dei oni zed water, and soaked in the solution for 3

m nutes, renoved and dried in oven at 50 C for 20

mnutes to renove water, and then placed in a clear 4

L N A—

in the bag at roomtenperature for 17 hours; renoved

as argadygnthe bag, extracted with nmethanol using a Soxhl et
apparatus, and dried in air. The final menbrane had
t hfD5Sne Anagmueauasotution wase prepaged abniaining ihekadeedfivedosulphonic
well in water, had a weight add-on of 16% and water

acidtgad!és@@@walﬁ@%s}() 98 wiN)udiphlengr ibBbAiaim hékﬁm@r&’)ﬂﬂ%i’s&g&te (1% wiv)

enbrane. Exanple 11: Cationic” pol ymerization of
and S RO o) DR BN, A opel B PYDE, membrane with
tr.iiethyle lycol divinyl ether to the concentration, . .
porefied e o o s b siyblisn SV isebFonati. cREhanoRa g Yeionized
ore size rating 0.22 umwas soaked in this solution
Watﬁﬁroan@ spaked isthe salyiansier Aninyites samoved agpdiedsingven at 50 °C for
pol yet hyl ene bag. It was then run through a Utra-
20 nvinutestto(revipve ovater, @ndethen mieckdiintshcliean4 Frois polyethlylene bag. It was

Systens F450 ul traviol et bul bs 25 (above and bel ow t he

thenmeimithengh aU\ecopagdr at thébsgded™ Mft/niine Ty MieaitanBsvas kept in the
then renoved fromthe bag, extracted w th nethanol

bag ‘&8 ki Qetﬁ_géhit@lte I%Pﬁ?rIﬁ)Wf;’ rePf el thé bag,i éxtraTcEEd with methanol
f I I I to the

i nal menbrane had a yel l'ow col or conpare

usiner éb%le@ﬁ%rﬁﬂ%‘, amioqgtd in air. The final membrane had the same

appearance as the original material, wetted well in water, had a weight add-on of 16%

and water flux about 50% of the flux of original, unmodified membrane.

Example 11: Cationic polymerization of 100% divinyl ether on PVDF membrane

[057] Diphenyl iodonium hexafluorophosphate was dissolved in pure
triethyleneglycol divinyl ether to the concentration of 1% (w/v). A microporous PVDF
membrane with the pore size rating 0.22 um was soaked in this solution for 2 minutes,
removed and placed in a clear 4 mil polyethylene bag. It was then run through a Ultra-

Violet (UV) conveyor equipped with two Fusion UV Systems F450 ultraviolet bulbs
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add-on was approxi mately 125% and the nenbrane was
conpletely filled wwth hydrophilic polyner so the
water flux was negligibly small. [058] Al nunbers
expressing quantities of ingredients, reaction

(above and tietove theamembyanepat & speed of A5 fihmirs pEhe hierabiame was then
and clains are to be understood as being nodified in

removel fioms tlmbag, dytrddted withméthbaot usingecSoxhietapparkfisead dried in
indicated to the contrary, the numerical paraneters

air. PI§d fih@hBrmibPand'Rad %%Ilb\/\ﬁ@élbroébrﬁﬁg g@tbatﬁawtléll REMbrahé Weight

approxi mati ons that ‘may vary dependi ng upon t
) €
add- g*?é’séﬁ%%@ﬁ%té'ﬁ%i e pBogl W Toretell filen wit
at.t. t toI| pli cat of the doctrine of
hydr%qmﬁgg |¥me§39 §%fc5lﬁgwaﬁ n@ghglglyaﬁrﬁg each numeri cal
par anet er should be construed in |ight of the nunber
of[0§8]g Mk neakersqressiag guantiieraefingrastients negaction conditions, and
approaches. [059] Many nodifications and vari ati ons of
so forthiusedrin ¢me specificatidneanthdiaims ahotd be dederstood) aé being tmedified in
spirit and scope, as will be apparent to those skilled

all instant&e b tiie tekhe aboReti AdcdréingRduArRRE Sndlesteditare IaShﬁaﬂ/ the
are offered by way of exanple only and are not neant

numéﬁbaﬁ’ﬁ?lérﬂéﬁeté‘get rtR " tﬂ?¥peiﬁcétﬁbn' éHcPQtt %é&&%lrﬁgﬁ"e

spec cation a exa dered as exe
y nd s i t oft e invention
appf%ﬂ*f%&“%ﬁﬂﬂ*?ﬁ% e RRR R vt s o Frggheeigt o e
A net hod of nodifying at |east
obtallagq:t H/gﬁe &fe*‘t% inMgNtigRe Afthe VB lsast, apd At @ﬁ@n attempt to limit the
conprising: a) contacting the porous nenbrane with: 1)

applieaficihef the cioepineseieqifivalentsdo thenscepof theeclainas)lemch numerical
groups, or a mxture of nononers where at | east one of

parambter shonlhiss sohstrwstipr light df tHe murhpepoEsignifivart digidbad ordinary
group and at | east one of the
rounding approaches.

[059] Many modifications and variations of this invention can be made without
departing from its spirit and scope, as will be apparent to those skilled in the art. The
specific embodiments described herein are offered by way of example only and are not
meant to be limiting in any way. It is intended that the specification and examples be

considered as exemplary only, with a true scope and spirit of the invention being

indicated by the following claims.
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nmononers is conprised of two or nore pol ynerizabl e
groups; 2) a cationic polynerization initiator; and
3) optionally one or nore of the follow ng: functiona
nononers, additives, a solvent, an energy source; b)
where a solvent is used, optionally renoving the
sol vent; c¢) polynerizing the nononers of 1) thereby
nodi fying at |least a portion of the surface of the
WHAdGrISUGLAMMBDd8e. 2. The nethod of claim 1, wherein the
porous nenbrane is conprised of a hydrophobic bul k

mar i X. ASmetHirl oEhBERYIAG at lcdistfhaboriibiebeine dutace of a porous

hydr ophobi ¢ bulk matrix is chosen from pol yethyl ene,

merRB a\ﬁ@&ﬂ%@g}ﬁ%opol ymet hyl pent ene, pol ystyrene, a

substitute | ystyrene; poly(tetrafl uoroethyl ene),
pol.yvinyl [.dene fluoride;  polysylfone .
Por) bpieclitd s porgemei Bthe FL Sonamegsccomprised of two or
pol ybut yl ene terephthal ate, pol yacryl ates,
morﬁdqc%ﬁg'ge%%;pﬁ ggqu%p{,@img(turgmfmq)rygngwhere at least one of the
polyacrylonitriles. 4. The method of claim1, wherein
monamensds compsisad ©f onlyr @phpolymerizebleTgreupendoat leédstoire ofi the
4, wherein the nononers are chosen from polyethyl ene

morgnyerslis cBMPrised of ywed oy heore wlymerlizably grotipse Rharcationic
pol yet hyl ene gl ycol divinyl 27 ether, polyolefins,

polyPRn2&bk iftiser; A% Sﬁ%ﬁﬁﬁally%@dr Yied tﬁéff&ﬂﬂvbié@.nﬁﬂlgtional

pol ysi | oxanes, polyoxazol i ne, polystyrenics.
d_ Qf:.: [ ej . QR I r '
morf¥hetd, pdiiied sbvehbitebl o, B\l ittt Leka
.salts, and organgnetal Lic conplexes. 7. The t hod of .
optigallireBro el SPNG () POMSSTAING e wGeemars ghnt ) thersby modifying
di?henyL I odoni um hexaf | uor ophosphat e,
at legst aResiony pf thesusiaceiitherppoustmagbsar@nat e,
tri phenyl sul foni um fl uoroborate, triphenyl sul foni um
chRor i d&hedngthed\dfictaion ,whertinutheqioroas enembrane is comprised of a
tri phenyl sul f oni um hexaf | uor oar senat e,
hydiopheBRIBUIR Mdtaki um  and
3. The method of claim 1, wherein the hydrophobic bulk matrix is chosen
from polyethylene, polypropylene, polymethylpentene, polystyrene, a substituted
polystyrene; poly(tetrafluoroethylene), polyvinylidene fluoride; polysulfone,
polyethersulfone, polyethylene terephthalate, polybutylene terephthalate, polyacrylates,
polycarbonates, polyvinyl chloride and polyacrylonitriles.
4. The method of claim 1, wherein the monomers are hydrophilic.
5. The method of claim 4, wherein the monomers are chosen from

polyethylene glycol (PEG), polyethylene glycol divinyl ether, polyethylene glycol divinyl
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hexaf| uoroanti nonate. 8. The nethod of claim 1,

wherein the energy source is a radiant energy source.

9. The nethod of claim8, wherein the radi ant energy

source is chosen from ultraviolet light, visible

light, infrared |light, ganma radiation, radiation from
etherapom&fmﬁopolyg@ryiﬁteﬁ] ralyamidesr gqusm-wmylmcplldone polysiloxanes,

radi o-frequency radiation. 10. The nethod of claim1,
polyoMazoline) pxtllystyweajosc) are perfornmed at a humidity of

| ess than 100% 11. A nodified porous nenbrane

C@YPr i STHEOmethdP6dIainTe MRharsn iRy Eatbriic pshieétzation initiator is
wher ei n nononer s corrprlsed of two or nore

chos@ﬁlf%Pﬂ?Hla%mu‘?n géﬁ’ﬁ%lu safts, %&B&ﬁoﬁet%@%ﬁe%re

I"east one o nononers i s

one abl e rou

° 3ot TeASETEREL G S, WoRBHHE patinLpis SRR imcdheny

r nDre polynerlzable groups are polynerlzed in
'°d°’E!éWt hexefipidphegphates Eﬁtfaé@%th)’léﬁmﬁ fiégrium hexafluorarsenate,

pol ynerization is facilitated by a cationic
triphgrylisutteniurafluorobarate; triphenylsutfooipm ohlaritlg, diphenylmdonium

both, of a solvent, and a source of energy; and
fluorotivraty, trigtnyisefoniding hedafuorbasentts, ﬁﬂi}ﬂier?ﬁddli@h&lmyand

conprises one or nore of the foll ow ng: functi onal

hexaﬂ@@@gﬁﬁﬁ\ongie addi tives. 12. The nodified porous
mbrane of claim 11, wherein the porous menbrane is

c ri
cqr S Bl PRI ) InBGY b S ptnt neroy
hydr ophobic bulk matrix is chosen from pol yet hyl ene,

| ypr opyl ene, polynethylpentene pol ystyrene, a
substi tut ed styrene ﬁol y(tetrafl uoroethyl ene),
p& yvi MAE; r@@ﬁ'@d%/ fmlmjg wheygliy the rashiant energy source is chosen from
pol yet her sul fone, pol yet hyl ene terephthal ate,
ultravpolet/ lighity Vieitde tigite ifitained Hglet, gamma radiation, radiation from an electron

sour

beam, microwave radiation and radio-frequency radiation.

10.  The method of claim 1, wherein steps a)-c) are performed at a humidity of
less than 100%.

11. A modified porous membrane comprising: a porous membrane having a
surface; wherein monomers comprised of two or more polymerizable groups, or a
mixture of monomers where at least one of the monomers is comprised of, or consists
essentially of, only one polymerizable group and at least one of the monomers is
comprised of two or more polymerizable groups are polymerized in contact with said
surface; and wherein said polymerization is facilitated by a cationic polymerization

initiator and optionally, one, or both, of a solvent, and a source of energy; and wherein
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pol yacryl ates, pol ycarbonates, polyvinyl chloride and
pol yacrylonitriles. 14. The nodified porous nenbrane
of claim 11, wherein the polyfunctional nononer or a
m xture of nono- and pol yfunctional nononers is a

the Pd&fﬁ%ﬂﬁéurféce f'TPtﬁ@FfBbtlor?aﬁ}y COMSpRERE! drieedr rﬁ’l%"r? Hﬁtméﬁrﬁ\% 1)

claim 14, wherein the hydrophilic polyfunction
pol yet hyl ene gl ycol (PEGQ
funé&B@%ﬂﬁ{onoﬁh Of‘)F%@'tﬁ\g:’@gl yci dyl ether, and other
pr poI .uch as | efin ol | at es,
olian bg%@ww POPAGIAN PolEreRERasrous

p yoxazol i ne, eni cs that have been nodified
membrafmfsaaommseﬂecéﬁ hyc{v@pb@tplyrb@ik pabie functional
groups. 16. The nodified porous nenbrane of claim 15,
whdBei n Tihee mealifieshperoup shgmibraneasf claim h2} whéein thee hydrophobic
chosen from di azonium salts, oniumsalts, and

bullomagnogeshakeh éront p?’@bme JpBlypTBm/léﬁé' 66I%eﬂﬁ}1§élﬁene

menbr ane of claim wherei n the oni um sal t

prSAFETE KO A SRR BRSPS ricen o
polshItB% Hovelbe R, peeBiRnR B %p&p%%afea%égf‘v%u?ﬁene @rephtha'ate,
trbggen yl sul f oni um hexafl uor oar.senat e,

an
Polyacryiaesy PRYFAr ﬁnatﬁ%eseb(myb%aﬂgeﬁeﬁa&oévacmonrhrﬂss
modi fi ed porous nmenbrane of claim 11, wherein the
solldent The meelifisshperoommemeranenefidiainol 1, whersinthe polyfunctional
i sopropanol, acetonitrile, hexane, cyclohexane

monaehéndreal mietukeof mdnet and petyfierictionabim@nemers is a hydrophilic
t et rahydrof uran, and dichl oronmet hane. 19. A nethod of

monBed Yi ng a surface of a porous nenbrane conprising a)
contacting the nenbrane with a solution conprising: 1)

o 8hueThe, SRR T4 ARORHES 4 e 4 ffrponic
polyfunctional monomer is chosen from polyethylene glycol (PEG) divinyl ether, PEG
diglycidyl ether, and other pre-polymers, such as polyolefins, polyacrylates, polyamides,
poly-N-vinylpyrrolidone, polysiloxanes, polyoxazoline, polystyrenics that have been
modified to contain at least two polymerizable functional groups.

16. The modified porous membrane of claim 15, wherein the cationic
polymerization initiator is chosen from diazonium salts, onium salts, and organometallic
complexes.

17. The modified porous membrane of claim 16, wherein the onium salt is
chosen from diphenyl iodonium hexafluorophosphate, tetramethylene sulfonium

hexafluoroarsenate, triphenylsulfonium fluoroborate, triphenylsulfonium chloride,
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pol ymerization initiator; and 4) optionally one or
nore of the follow ng: functional nononers and
additives; b) rinsing the menbrane with the solvent or
a solution of the cationic initiator in the sol vent;

dlpﬁénylmhitﬂﬂflﬁéid&ﬁ*étef Erﬁiﬁén?%uﬁ@ﬁ’%hﬂﬁéxéﬂuo%ars@hate and
exposi ng t he nenbrane to a form of energy such

tnphFﬁ#tlsﬁlgcime Hé%rflufl oéf%mcf?@te\!"er' zes. 20. A method of

wher el porous nenbrane is chosen from
poI ¥ § ul f‘?he m88|f|¥8t I?)%L‘T’su}nfe?n erkang% caulnyf) 1h elrcsallﬁ tLe solvent is

chosen from water, methanol, ethanol, isopropanol, acetonitrile, hexane, cyclohexane,
petroleum ether, diethyl ether, acetone, tetrahydrofuran, and dichloromethane.

19. A method of modifying a surface of a porous membrane comprising a)
contacting the membrane with a solution comprising: 1) a solvent; 2) a polyfunctional
monomer or a mixture of mono- and polyfunctional monomers and 3) a cationic
polymerization initiator; and 4) optionally one or more of the following: functional
monomers and additives; b) rinsing the membrane with the solvent or a solution of the
cationic initiator in the solvent; c) removing solvent from the membrane of b); d)
exposing the membrane of b) to a form of energy such that the polymer of a)
polymerizes.

20. A method of claim 21 wherein the porous membrane is chosen from

polysulfone, polyethersuifone, and polyphenylsulfone.
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