MEDI A FOR MEMBRANE | ON EXCHANGE CHROVATOGRAPHY Thi s application clains
priority of U S. Provisional application serial nunber: 61/003,694 filed
Novenber 19, 2007, the disclosure of which is incorporated herein by
reference. BACK ) Vi Ll ion is an
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economical. There 1s a need to develop faster, less expensive,

and more scaleable purification techniques. Chromatography has
been used for virus purification, primarily in the format of
beads. First reports on chromatography-based virus purification
date back about half century (See, for example, Haruna, I.;
Yaoi, H.; Kono, R.; Watanabe, I., Separation of adenovirus by
chromatography on DEAE-cellulose. Virology 1961, 13, (2), 264).
Membrane chromatography has started gaining attention recently
when capacity and wusage limitations of bead chromatography
became serious.

Strong anion exchangers, such as those based on quaternary
ammonium ions, are used in downstream processing as a polishing
media for capturing negatively charged large impurities, such as
endotoxins, viruses, nucleic acids, aﬁd host cell proteins (HCP)
that are present in fluids such as Dbiological fluids,

particularly solutions of manufactured biotherapeutics.



Traditionally, anion exchangers have been offered and used in the bead
format, for exanple Q Sepharose(r) available from GE Heal t hcare Bi 0-Sci ences
AB. However, throughput limtations of bead-based systens require |arge
vol u l. ym ef fectvel re i ities. n d- e
chrogg %é%gﬁﬁé?ﬁﬁgét %ﬁl%%eeégggﬁégfg gg%?ac%e§§Eap %?r% sé?%fi%%g?sqn
internal to the bead. Consequentl| the separation process, is iphere y
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di ffusion. To minimze this diffusional resistance and concomtantly

maxi nfigal@yrarec BINAHE Rk By, dnmavediandterudaigs ¢aribatérproydd.
However, the use of snmall dianeter beads cones at the price of increased
col unhepdebsard drngkemGonsequéntel ylandre vpltimezadlomrsf peegdifdbieely

chr omat ogr aphi ¢ separations often involves a conpromn se between

ef fi ctepeytdynapueicapacity (small beads favored) and col utm pressure drop
(I arge beads favored). In contrast, nenbrane-based chronmat ographic

systens (akgopeal-eds@mnytangyPety havest herl tgandsattacked difead |y to
t he convective nenbrane pores, thereby elimnating the effects of internal
por e ug.on JBRS; p i ti0 e u r
rrenbrglﬁégszfggt rag%es W t r{gf%i gh%elr:ré\g rtzgr?erjcg}oelr gbes%&;'e d?gtn(r%{eg&mteﬁggego%g%ed
with effective flow distri.butors can _mnim ze axial dispersjaon d_provide
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of menbrane sorber nedia _may be an order of nagnitude greater than .that of
standéFénﬁgaﬁtbé§e&Y@Hﬁ@ﬂéﬂbdﬁ%ﬁ%vihﬁﬂ?é?yaP?Bﬁﬁﬂ@f%HFl 8t h T HEfFi%E ency
and high-flux separations. Since single or even stacked nenbranes are very

t hin égﬁrﬁar@efﬁ@wéuhn§eﬁaépéé@o\ﬁ tinpesdnbased amidiva, "pdduEed phessire
drops are found al ong the chromatographic bed, thus allow ng increased fl ow
r at esbandippodapkiciittyi,esmallle disvestsar yodidsli agn chpaeimpy oysdr.edched’ exy usi ng
menbranes of sufficient internal surface area, yielding device

confi gueatisensOfsivery dasgetdrapebes torkel gt tlaéi psicd/ ). iSicreagswmst of
the capacity of chromatography beads is internal to the bead, nenbrane-based

chromabegharhy, syssers gairbdvanbage vk 1keadstas t hepsire,of i adsordrat e
entities increases (as, for exanple, in going froma protein nolecule to a
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raphic efficiencie at are - 100 tinmes better than standard

preparative bead-hased resins.. Consequently, to_achieve t | ev of
epar SOTBACBASE MOy aie sorEer S oA A 10070 aLFess SE3a be ST ped.

Bed | engths of 1-5 are standard for nbr ane sorbers, conpared to bed
heigh%?gSFefb-éﬁdcﬁgghpnb8§&§5&§§dd§?§té ?gﬁu§%ﬁ9%tﬁéﬂﬁﬁ¥§ﬁe col um aspect
rati os required for |arge-volune nmenbrane sorbers, device design is
critical. 8 memEedett hEgeranbarad ofhaAtataavanrhagessusseBsatedsM th

menbrane sorbers, proper inlet and outlet distributors are
called membrane sorbers) have the ligands attached directly to

the convective membrane pores, thereby eliminating the effects
of internal pore diffusion on mass transport. Additionally, the
use of microporous membrane substrates with a tight membrane
pore size distribution coupled with effective flow distributors
can minimize axial dispersion and provide uniform utilization of

all active sites. Consequently, mass transfer rates of membrane



required to efficiently and effectively utilize the avail abl e nenbrane
vol unme. Menbr ane sorber technology is ideally suited for this
application. Current commercial menbrane sorbers, however, suffer from

var i °Q§¥18'é?~""¥?1%8§§ éq'aﬁﬁlygl ng 'o%egap@f' Mgngeeaes%eaeraactérontﬁér@rrthgeuuftn es,

and di |culty in ting purif naterla Absorption refers to

takin b er neat i Qn |nt ady n. abs t i al
Adsorgw’gﬂ %F@ a%over%}alﬁtomo Or%:aéjcall es Ofb‘L dm%bbg‘fjkﬁghgég g}r%'t%gnwﬁ?h
surface of an adsor tlve medi a. Sorption is a geperal tern1#hat i ncl_udes
bot h 8855¢pERGH BYFBti O SSHATRHNYSa sor ptitve mat'e¥tal Or Sorption
devi ce herein denoted as a sorber, refers to a materi al or device that

ei t heptadkedr maBbsRBS S0 B0t Tead- thhd §58BRESS tO CoMHRRHPERESEorHN is a
hi ghly porous, interconnected nedia that has the ability to renove (ad-

and/ obeadisbabid s ored iconparehtcecof paesohnei chrawhen arse Favndr #1ows tthcough
its pores. The properties of the nmenbrane sorber and its ability to perform
wel | bRrbhetogaupred appljcathes depesndion theporous stract urseef tamel medi a
(skel eton) as well as on the nature of the surface that is exposed to the

sol ut pQBdu&MéL!eg th@hgorr%@eg@aﬂﬁ@ bsnhonged-dpasicyf Hem acpehyaebyt hat
does not dissolve or swell in water ‘and possesses acceptabl e nechani cal

PropeqLies. mHibRaLous %edéﬁfﬁc%ﬁ{.erq—&h@enaalpogaﬁa@enbg@@ae, sheet dxade by

phase Separation ne ds AOWN in the art.
device configurations of very large diameter to height ratios
(d/h) . Since most of the capacity of chromatography beads 1is
internal to the bead, membrane-based chromatography systems gain
advantage over beads as the size of adsorbate entities increases
(as, for example, in going from a protein molecule to a virus
particle).

Properly designed membrane sorbers have chromatographic
efficiencies that are 10 - 100 times better than standard
preparative bead-based resins. Consequently, to achieve the same
level of separation on a membrane sorber, a bed height 10-fold
less can be utilized. Bed lengths of 1-5 mm are standard for
membrane sorbers, compared to bed heights of 10-30 cm for bead-
based systems. Due to the extreme column aspect ratios required
for large-volume membrane sorbers, device design is critical. To

maintain the inherent performance advantages associated with

membrane sorbers, proper inlet and outlet distributors are



See, for exanple, Zeman LJ, Zydney AL, Mcrofiltration and Utrafiltration:
Princi ples and Applications, New York: Marcel Dekker, 1996. Holl ow fiber and
tubul ar nenbranes are al so accept abl e skel etons. A separate processing step
is usually required to nodify the external or facial surfaces and._the

i nt er naiupoed Sy f @664 cornthy forfed if@cisT Sty ubEltéZeo tpartvaiheble
necessary adsorptive properties. Since the nenbrane structure is often

f or regefibpana wydnoghobi depblnamer , sarothetepbnpbseyofis hedesatibceuited

nodi fication step is also to nake the surfaces hydrophilic, or

wat er ryet tell €. applicdbisninvertumrentel aicesndra iani omeentofrargge sorbers,
chromat ography nedi a designed to purify viruses, such as adenoviruses.
Adenoxb&gée\_»,s A Meehor £ fm chair-egukn @an® ddier, aph st es. 1bly icsipsicabhysg,

non- envel oped, and infects cells easily. The nost comon serotype is | abeled
AdS. 1L L3 eag g¥a%§?ﬁes%?g ' ni?ﬂ?ﬁrli‘lﬁilles?m ah8AViL €% 11RARQuUIRn PurdifiiGaly on
from €8P pro?elns 0 avoid false positive S|gnaﬁs in further transfection
studies.,gt 8our£e,,gﬁre adenovirus is also required for its ultinmate
appl i BREFOASE @& g8ne therapy and vaccination. El ectrophoretic studies
show that Ad5 is strongly negatively charged at pH around 8, whil e npst
speci es inAPﬁ@rEEPPnI%@5%%‘%3%béﬁ§?@ﬁ3Hﬁ%eoﬁe%REEeEhQVg@e§PeFﬁF§in€Rf%is
makes ani on exchange chromat ography a suitable techni que for Ad5
purificbatibody of @mi oxbexcpiahge medbeaies. f or AdsuPrievaletmie to
purification have been prepared previously by chem cal grafting techni que as
t aughtobymblSt Patf. mo 160,464 . firbmt eadhekk ppepae abihtr dfhea senbaaneocéngmaft ed
wi th polyneric side chains having one or nore positively charged groups.
Those zhapi-bt abeWnkhithe ardrfidrems anegepdihicatirantkll irmeadides appreci ate
that a grafting process is specific for every nenbrane substrate, requires
advan%@Qo?PHﬁBE?'gndingb%)étr%'%sﬂo\ﬁe. devglQpnent, WoL K.soHhe iRfesgAt ek DY ENtGON

offers a sfgnificantly sinpler approach to ¢reating a positively charged

menbr ane_sor ber, based,on dire C i f her ior: art
teachggrﬁiéﬁargfyéﬁ%) %ﬁﬁ%ﬂ1é§%'Q%%égﬁe%b?é%gegfgﬁégggaig%bt f%#%ﬁ%%%}the
charged surface _coating.to the supporting nenbrane. US Pat. .6, 780, 327

t each&$ Sﬁng?aFﬁaﬁ SF%Qeﬁb§pFi?€P?%€W§P e&rggﬁgpaﬁ§7: %i%g%ﬁﬁﬁiporous
substrate and a crosslinked coating including a polynmer backbone and pendant
positiveIyAcmﬁmyﬁf%ﬁcﬁ@%@eﬁhé?e@nqééﬁﬁhbeﬁﬂéﬂ?Spo%PF?%EP?“@ﬁ&F&e&E§P6Up i's
directly linked to the backbone through a polar spacer group by a single
bond. tHewevérs t ldepr essnciec vf Bo porakospacéprdgr oapddeds adfiaionalsdfifdes of
i nteractions between the nenbrane surface and the sorbent nol ecule, such as
di pol ecinpbaeatti ons aamd dwydriogen bdredi ngheThéakaetrer fapesverlyraidhi ciis to
nodul at e under the conditions of traditional biological separations. It may
be degirahbl e e esieraisorpti vaenedind il ddtesacisdwith seliutitgn to
conponent s

perform well in the required application depend on the porous
structure of the media (skeleton) as well as on the nature of
the surface that is exposed to the solution. Typically, the
porous media 1s formed first, from a polymer that does not
dissolve or swell in water and possesses acceptable mechanical

properties. The porous media is preferably a porous membrane

sheet made by phase separation methods well known in the art.



predo_i nant.1 ybycharge .i.nteract.ions, which can be easily nodul ated and
firx tuned by ionic strength. For exanple, in a application of
adenovirus purification, high ionic strength(high sail concentration) is
used to elute the virus off the nenbrane. If other nodes of interaction are
presefee, t hEoyi edxbrg lour i Fereth vilklis Heifnsy r éducelicrafd 1 4ned e sand

i nvention discloses creating cross |linked. coating on the surface of a

m cr epdt oasienbt Aoe: t tirhaip posi hdel Apdhiaragsicdb g oupsvwe ohmekt efargetlhe
backbone of the coating polyner by a P-1linker. W are aware of United
St at eseRREENt 1UDE. 37633 9LlowllEibere £0d pendtilar | demdesoesbesrd hatlsbhe
surface of a hydrophobic po.ronr substrate is nodified with an

I nt erQQEngg%feneéﬁ\Qigtgﬁsa hydraghi 146 crassdddkiaty palodper and uaueniss

i nked- po ne epi chl orohydrinresin having fixed positive charges. The

required to modify the external or facial surfaces and the

internal pore surfaces of the formed porous structure to impart
the necessary adsorptive properties. Since the membrane
structure is often formed from a hydrophobic polymer, another
purpose of the surface modification step 1s also to make the
surfaces hydrophilic, or water-wettable.

This invention relates to anion exchange chromatography
media designed to purify viruses, such as adenoviruses.
Adenovirus is a vector of choice in gene therapy studies. It is
stable, non-enveloped, and infects cells easily. The most
common serotype 1is labeled AdS5. It is easily expressed 1in the
lab, but requires thorough purification from cell proteins to
avoid false positive signals in further transfection studies. Of
course, pure adenovirus is also required for its ultimate
applications, i.e. gene therapy and vaccination. Electrophoretic
studies show that Ad5 is strongly negatively charged at pH
around 8, while most species in the cell lysate suspension have
weaker charge at this pH. This makes anion exchange

chromatography a suitable technique for Ad5 purification.



hydr ophobi csubstrate is contadted with a reaction system conprising a
sol ution of (a) nononmer precursor to e hydrophilic polyner, a nonionic or
cationic, polynerizationr and a. crosslinkingnt and (o) a precursor to the
crosslinked positively charged resin, The nononmer is polynerized and
cross- | i nketldy ¢xeeangei ranbpangfedicXatildh st dITHRERL b§" eBFFﬁglFﬁElon
contacted substrate to formthe charged resin W are al so aware of
Uni t ethi8t abesn patreptrpdbldmatiomrys PP0ghenigad Eadidmd ndechni@se as
| ncor poration)scni.oes a

taught by US Pat. 7,160,464. It teaches preparation of a

‘membrane engrafted with polymeric side chains having one or more
positively charged groups. Those familiar with the art of
membrane modification will readily appreciate that a grafting
process is specific for every membrane substrate, requires
advanced equipment and extensive development work. The present
invention offers a significantly simpler approach to creating a
positively charged membrane sorber based on direct coating of
the membrane. Other prior art teaches preparation of anion
exchange membrane without directly linking the charged surface
coating to the supporting membrane. US Pat. 6,780,327 teaches
preparation of a positively charged membrane comprising a porous
substrate and a crosslinked coating including a polymer backbone
and pendant positively charged groups, wherein each pendant
positively charged group is directly 1linked to the backbone
through a polar spacer group by a single bond. However, the
presence of a polar spacer group adds additional modes of
interactions between the membrane surface and the sorbent
molecule, such as dipole interactions and hydrogen bonding. The
latter are very difficult to modulate under the conditions of
traditional biological separations. It may be desirable to

create a sorptive media that interacts with solution components



sel ective nmenbrane having a high fouling resistance. In one enbodi nent, the
sel ective nenbrane is a conposite polyam de reverse osnosis nenbrane in
whi ch a hydrophilic coating has been applied to the poiyan de | ayer of the
menbr ane, the hydrophilic coating being nade by (i) applying to the
menbrane a quantity of 1 functional epoxy conpound, the
pol yfuncti onal epoxy conpound conprising at |east two epoxy groups, and ;i
then, cross |inking the pol yfunctional epoxy conpound in such a nmanner as
to yield aPv@dd@rinaisdlvubl &Y poliere SUNMFARY CORNTHE “IPNYENTIEON ESsé&desiidly and
ptional features c:present invention are set out in the acconpanying main-
and sub-cl apdslalexbectidvéiThRosunefelpr 601 Bhrss ofende -pricdr S PH&ve 1heen
overconme by the present invention, which provides nmedia and devices, such
as ani on ekchbemler $ppAdkadioy suchagedPairwherini filketaaron kekdhangeic
coating is fornmed on a hydrophilic substrate with | ow non-specific protein.
bi ndi ng. Therposth Véighasgkt ioncenteetednt ot heedoar iy tisagkboner by oa £
non-pol ar linker, and the base nenbrane material is preferably ultra-high
mol ecul ar wee ghterpolayet. hylfenethahe mygdisacbpénaeesciirm dindrdaprd  node,
with elution being facilitated by high ionic strength. The nedi a provides
superi or apietdcatfonppeffie¢austiesimaahbel iregiuced. Thus, the present
invention discloses creating a cross-linked coating on the
surface of a microporous membrane that has positively charged
groups connected to the backbone of the coating polymer by a

single non-polar linker.

We are aware of United States patent US 5137633 (Millipore
Corporation) which describes that the surface of a hydrophobic
porous substrate is modified with an interpolymeric network of a
hydrophilic crosslinked polymer and a crosslinked-polyamine
epichlorohydrin resin having fixed positive charges. The
hydrophobic substrate 1s contacted with a reaction system
comprising a solution of (a) monomer precursor to the hydrophilic
polymer, a nonionic or cationic polymerization initiator and a
crosslinking agent and (b) a precursor to the crosslinked
positively charged resin. The monomer 1is polymerized and
cross-linked by free radical polymerization followed by heating

the contacted substrate to form the charged resin.

We are also aware of United States patent publication US

2003/121844 (Saehan Industries Incorporation), which describes a



and ease of device manufacturing. In certain enbodi nents, the
invention relates to porous sorptive nedia conprising a substrate having a
first external side and a second external side, both sides being porous,
and a porous thickness between them the substrate being hydrophilic and
having a sorptive material substantially covering the solid matrix of the
substrate gadetheyd i hshoasuk Sesengyext efinal saifagesred her SUEPL I ve HAkeri al
conprising a crosslinked pol ynmer having attached quaternary amoni um
functional Ety¥o4mough @ donsdal ariJd Nk, rhRecekt ai ngmedicre s,y g
cross-linked polynmer is nodified wwth a charge-nodi fyi ng agent conpri sing

an organi c,.geapoundhavisngegual.ef nar YnaFAONI M Y0ups -Conaect &4y he
non-pol ar linker to a noiety capable of reacting with the cross-1|inked

pol ymer. The,organi s GRMeund-can haye the der fuha, Yo ZNGEB)R o wherei n Y

is a reactive leaving group, Zis a non-polar aliphatic or aromatic |inker,
and X is a.pegatd el chakg 'ﬁqs(a{pp@y%&e{ci sOlubkenashd- 2 quantidy cgrtain

enbodi ments, the invention relate 0 a nethod of purifying a virus,

conpri si ngapasp%ﬂ&@c%qwghorgp%%pré&ﬂg&&dhe Vibd U§owfeﬂseiényfnbreg&yt 0

adsorb the virus, e nmenbrane conprising a substrate having a fir

t
external sj gggi agﬁg t i i ei por.qus, d a
por ous thi%gﬁ%ss 2? enqgﬁgﬁfﬁgg%%nihgg?}ggggg2§%§%ﬁ§dr%%ﬁiﬂfgqaﬁg% avi ng
a sorptive T : ng i al verin i Al
substrate gggg%h%ﬁyyggf%g%dﬁgg%%%ﬁﬁgffg?hgpggﬁfgg%%g?gﬁgé §%§$5%ﬁ%€ner
material c I Si cr LK i ng quaternary anmoni um
functional??5{%h¥%%§ﬂ?h“%%%%pghgglﬁgkiggpdagéhing said nenbrane with
buffer; and eluting said virus off said nenbrane. BRI EF DESCRI PTI ON OF THE
DRAW NGS

SUMMARY OF THE INVENTION

Essential and optional features of the present invention are
set out in the accompanying main- and sub-claims respectively.
Thus, the problems of the prior art have been overcome by the
present invention, which provides media and devices, such as
anion exchangers including such media, wherein the anion
exchange coating is formed on a hydrophilic substrate with low
non-specific protein binding. The positive charge is connected
to the coating backbone by a non-polar linker, and the base
membrane material is preferably ultra-high molecular weight
polyethylene. The media operates in a bind-elute mode, with
elution being facilitated by high ionic strength. The media
provides superior application performance, caustic cleanability,

and ease of device manufacturing.



Figure 1 is a schematic diagram show ng the surface profile of a nenbrane in
accordance with certain enbodinents; Figure 2 is a graph of titration of
adenovi rus; Figure 3 is a graph of the anpunt adsorbed and el ut ed
adenovirus _for different virus purification nmenhrane igure 4 is an

SDS- PAGE of st GPfFRY c PP RS £ 1 dWd hﬁBHSHt%BPut F%i"natﬁﬁs h‘?‘?\g REFIAS on

and the eluate; and Figure 5 is a graph of eluted Ad5 as a function of
degr esosPtREP riiid caOMNeH Wil BPTVRRStDETAl LUFY DESCRI PTI ONE OB XSPECR] C
EVMBODI MENTS The present invention relates to a porous chromatographic
or somsptievented asdavndgeatponels sipel, yimrtinc <ights Ngefognpdronsa pocous,
sel f-supporting substrate, and to anionic exchangers including such nedia.
The mepdirauks farditasar bptavehedHar, t bRer chisit vearovakiol \Hydises iflriem
solutions such as cell lysate.
and having a sorptive material substantially covering the solid
matrix of the substrate and the first and second external
surfaces, the sorptive material comprising a crosslinked polymer
having attached quaternary ammonium functionality through a non-
polar linker. In certain embodiments, the cross-linked polymer
is modified with a charge-modifying agent comprising an organic
compound having quaternary ammonium groups connected by the non-
polar linker to a moiety capable of reacting with the cross-
linked polymer. The organic compound can have the formula Y-Z-
N(CHs3)3'X™, wherein Y is a reactive leaving group, Z is a non-
polar aliphatic or aromatic linker, and X 1s a negatively
charged ion of a water-soluble acid.
In certain embodiments, the invention relates to a method
of purifying a virus, comprising passing a solution comprising
the wvirus through a membrane to adsorb the virus, the membrane
comprising a substrate having a first external side and a second
external side, both sides being porous, and a porous thickness
between them, said substrate being hydrophilic and having a

sorptive material substantially covering the solid matrix of the

substrate and the first and second external surfaces, the



The porous substrate has two surfaces associated with the geonetric or

physi cal structure of the substrate. A sheet will have a top and bottom
surface, or a first and a second surface. These are comonly terned
"sides." In use, fluid wll flowfromone side (surface hr ough .t he

subst FREBCt8Cand At dugh t Ae Bt het"di dé (§ﬁF?%ﬁ%§$ke£. ko#ﬁgefhigﬁﬁéﬁg

di mensi on between the two surfaces i s porous. This porous region has a

sur f a@82hRERAEYS RTBERHN tTHItHe Pkt v | Fhergeh t8 preventlebnfludixst’
related to the terns "surface", "surfaces", or "surface area,” or simlar
usagewgashhagi asid omsmipichher efigrh t bufiiergednst r ebusiinbacesi hsvexuer dlf or
facial surfaces or as sides. The surface area associated with the pores wll
be reteatdedetbrasei.nternal or porous surface area. Porous materi al
conprises the pores, which are enpty space, and the solid matrix or

skel eton, which nmakes umpkier PhESCREPTEOMOOE MBIt DRAWERGSBRt eri al . For
exanpl e, in polynmer m croporous nenbranes, the phase separated pol yner

provi des t rigX.s i . Ln L SCL ti I..C i.ng t he
U ace of PER ed: &7 The T Hvsne o o cohne By LBl S e nGa ot ok sy Al e
external _surfaces are coated so as.to not .conpletely bl ack the pores, that
IS, t8%r8t§FW 5a§FgﬁPfF€§ﬁgg PSEOWEF%ncg%tFﬁQ S %ﬁblﬁFglsﬁr coneective flow.
In particular, for the internal surface area, coating or covering neans that
the matrixFigU€GatedSof E5¢8Pe@T MedFEig R SitgRdROIME Yioportion of the
por es open. Absorption refers to taking up of nmatter by perneation
into the b8dgust ah alfsolpt Pverhatefi diheadssppiitonagepebsdt pand eluted

adenovirus for different virus purification membranes;

Figure 4 1is an SDS-PAGE of starting cell 1lysate, flow-
through solution, washing solution and the eluate; and

Figure 5 is a graph of eluted Ad5 as a function of degree

of PEI modification with BPTMAB.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

The present invention relates to a porous chromatographic
or sorptive media having a porous, polymeric coating formed on a
porous, self-supporting substrate, and to anionic exchangers
including such media. The media is particularly suited for the
robust removal of viruses from solutions such as cell lysate.

The porous substrate has two surfaces associated with the
geometric or physical structure of the substrate. A sheet will

have a top and bottom surface, or a first and a second surface.



- novenment of nolecules froma bul k phase onto the surface of an adsorptive
nmedia. Sorption is a general termthat includes both adsorption and
absorption. Simlarly, a sorptive nmaterial or sorption device herein denoted

as an@ﬁ%g%;gr%ﬁ%%ﬁépggygggg%%&imséﬁé%k””(¥ht@$ ,b?i@i quﬁﬂdfﬁg O%Q%m

The y medi a ‘he present’ i nvention inc es an ani on
exchange coating foryed on porous_substrate. The _porous substrate_ acts as
a supB%?ti%ﬂ*%kéP@F&g? r Fﬁéoeggtiﬁﬁ? T ST af sﬁ%ﬁldﬂﬁgné nabe to
handl i ng and manufacturing into a robust and integral device. The pore
strucPthershdded (prevrde)for uniformflow distribution, high flux, and high
surface area. The substrate is preferably a sheet forned of a nenbrane. The
pref erred Shbsthaténessmadesrsdmrsyoatheadre dre navar akrpatgaedisc porous.

mat eri al s. Thernopl astics are a useful class of polynmers for this use.
Ther nopl aspbesusnekgdebutare aodlt fadedatea patyotehtedssich abhe pores.

In order to prevent confusion related to the terms “surface”,
“surfaces”, or “surface area,” or similar usages, the inventors
will refer to the geometric surfaces as external or facial
surfaces or as sides. The surface area associated with the
pores will be referred to as internal or porous surface area.

Porous material comprises the pores, which are empty space,
and the solid matrix or skeleton, which makes up the physical
embodiment of the material. For example, in polymer microporous
membranes, the phase separated polymer provides the matrix.
Herein, the inventors discuss coating or covering the surface of
the media. The inventors mean by this that the internal and
external surfaces are coated so as to not completely block the
pores, that 1is, to retain a significant proportion of the
structure for convective flow. In particular, for the internal
surface area, coating or covering means that the matrix 1is
coated or covered, leaving a significant proportion of the pores
open.

Bbsorption refers to taking up of matter by permeation into

the body of an absorptive material. Adsorption refers to
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pol yet hyl enes, i ncl udi ngul t r ahi ghnol ecul ar wei ght
pol yet hyl enes, pol ypr opyl enes, sheat hed
pol yet hyl ene/ pol ypr opyl enefi bers, PVDF, pol ysul f one,

pol yet her sul f ones, pal yaryl sulLphones, pal.yphenyl sul f gn
po|vaﬁyF%ﬁP%rP§§§£§%¥§é§f%rﬁgﬂ%hﬁsﬁgﬁ§ tﬁ@?%%eongg The surface of an

t er epht hal at e, pol ybut yl enet er epht hal at eandt hel i ke, pol| yam,des, acryl ates
such é§586P9ﬁ§?h?ﬁﬁéﬁhacﬁﬂ%ﬂﬁ%an%ﬁmﬁﬂ%@“era term tLgt includes %o %

adsorption and absorption. Similarly, a sorptive material or
sorption device herein denoted as a sorber, refers to a material
or device that both ad- and absorbs.

The membrane chromatography media of the present invention
includes an anion exchange coating formed on a porous substrate.
The porous substrate acts as a supporting skeleton for the
coating. The substrate should Dbe amenable to handling and
manufacturing into a robust and integral device. The pore

structure should provide for uniform flow distribution, high

flux, and high surface area. The substrate 1s preferably a
sheet formed of a membrane. The preferred substrate 1is made
from synthetic or natural polymeric materials. Thermoplastics

are a useful class of polymers for this wuse. Thermoplastics
include but are not limited to polyolefins such as
polyethylenes, including ultrahigh molecular weight
polyethylenes, polypropylenes, sheathed
polyethylene/polypropylene fibers, PVDF, polysulfone,
polyethersulfones, polyarylsulphones, polyphenylsulfones,
polyvinyl chlorides, polyesters  such as polyethylene
terephthalate, polybutylene terephthalate and the like,
polyamides, acrylates such as polymethylmethacrylate, styrenic

polymers and mixtures of the above. Other synthetic materials

11



pol ynmers and m xtures of the above. O her synthetic materials include

cel l ul oses, epoxies, urethanes and the |like. The substrate al so shoul d have

| ow non-specific protein binding. Sui t abl e substrates include

m croporous filtratjion nmenbranes, i.e. tggse W th pore, sizes fron1a?8ut 0.1
cah™® e

to abBtRlud® pricstbsttate neRFTAF- YT optiti c“BF hydFSphobi
Exanpl es of hydrophilic substrate materials include, but are not limted to,
pol yssidetiara e bl Podyhen fiese hew wePP-sReSLFiackr PFeateB I RGEREphI I i c
por ous nenbranes, such as Durapore(r) (MIlipore Corporation, Billerica
MA) . Exanpl sl tfb g dr opliblsitcates include microporous filtration
membranes, i.e. those with pore sizes from about 0.1 to about 10
um. Substrate material «can be hydrophilic or hydrophobic.
Examples of hydrophilic substrate materials include, but are not
limited to, polysaccharides and polyamides, as well as surface
treated hydrophilic porous membranes, such as Durapore®
(Millipore Corporation, Billerica MA). Examples of hydrophobic
material include, but are not limited to, polyolefins,
polyvinylidene <fluoride, polytetafluoroethylene, polysulfones,
polycarbonates, polyesters, polyacrylates, and
polymethacrylates. The porous structure is created from the
substrate material by any method known to those skilled in the
art, such as solution phase inversion, temperature—indﬁced phase
separation, air casting, track-etching, stretching, sintering,
laser drilling, etc. Because of the universal nature of the
present invention, virtuaily any available method to create a
porous structure is suitable for making the supporting skeleton
for the membrane sorber. A substrate material made from ultra-
high molecular weight polyethylene has been found to be
particularly useful due to its combination of mechanical

properties, chemical, caustic and gamma stability. Where

hydrophobic substrates are wused, they should be rendered
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material include, but are not limted to, polyolefins, polyvinylidene
fluoride, polytetafluoroethylene, polysulfones, polycarbonates, polyesters,
pol yacryl ates, and pol ynet hacryl ates. The porous structure is created from
the substrate_ material by any method known to those skilled in_the art, such
as soPM?F@thﬁégei%ﬂ&ﬂsgﬁnﬁxfeﬁpgﬁﬂﬁﬁ£QQWﬁﬁke8rBﬁ3§§ JgﬁﬁVhthnEQ§%e
casting, track-etching, stretching, sintering, |laser drilling, etc. Because
of thekuhiledrsan n&hgre &ttt he p$@%%ﬁ@l$nv@ﬁ8¥5h?a9FPPuaPF?Cﬁﬁ?eéva@F§ble
met hod to create a porous structure is suitable for making the supporting
skel etlbaclosetha meitbBan®agmriier NoA. sub$titats® Irmeedi #l, Ifefded TS -ont ulltdvahi gh
nol ecul ar wei ght pol yet hyl ene has been found to be particularly useful due
to itsreeghhnatiiaaiel mechafical pyopesphesi zaheon cabf cabst i cuded mparama
stability. Where hydrophobic substrates are used, they should be rendered
hydr Ogei.?i.c, <8HCNgasmPYp Ao bBeh f heAali 99) PLocessrkpown.to those skilled in the
art. Suifable nodification processes are disclosed in U S. Patent Nos.

4,618, 533 79, [ i ngi ur fa oRhi4 i ion of
the sUbstrafs C8ng moigs S brbt o b adk A5 /S Braforr e AT
coating polyner forns the sorptive hydragel and b ) : oups
( bi nditﬂﬁ GIGTISR I e33MRY b?glpg?ngt 74 p|Sﬁg 2hef %?icail?jr:]% %Eg %%%{?ralcctaélle :

Al ternatively, the coating polyner possesses chem cg| groups that are easily
modi f PEBI &otEiinge dripor AFBUEhELBRNndi MYy I BtRIst Verne cg]é?i Ag3i-$ e “Fto

bi onol ecul es so that proteins and other inpurities can be captured into the
dept hpobseheegoatdhmidakr easicngsadsordt i vereapaaIily ThecpiefePreéd ddati ng
pol ymer is branched or unbranched pol yet hyl ene i m ne. The coating

typi cahbyrpomatiet utles atinlddast gboups3% offheheceat whg valsumee oheahéecdat ed
substrate, preferably fromabout 5%to about 10% of the total volune of the
subst pabRo1kButekt aish erbadi NMpHoteitlte Goat i RE eV erisndure Sildest ratre ibe a
substantially uniformthickness. Suitable thicknesses range of dry coating

from abgut,» 48 NMALO aBRUIISGAMor the AKRASSy,| | Nk8behgaslSs adddrdthere
pol ymer "to make the latter insoluble in water and thus held on the surface

o ok SEABARERN ", S R rSHERRE, earanE et oy Uadiend o

unbranched polyethylene imine.

The coating typically constitutes at least about 3% of the
total volume of the coated substrate, preferably from about 5%
to about 10%, of the total volume of the substrate. In certain
embodiments, the coating covers the substrate in a substantially
uniform thickness. Suitable thicknesses range of dry coating
from about 10 nm to about 50 nm.

A cross-linker reacts with the polymer’to make the latter
insoluble in water and thus held on the surface of the

supporting skeleton. Suitable crosslinkers include those with

low protein binding properties, such as polyethylene glycol
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. diglycidyl ether (PEG DGE). The anmpbunt of cross-linker used in the coating
solution is based on the nolar ratio of reactive groups on the pol yner and
on the cross-linker. The preferred ratio is in the range fromabout 20 to
about 2000, nore preferred from about 40 to about 400 npst $r eferred from
about 9861¥61dbbuetIes. NG RGHss- | FRReATRUITE Minderotfiel BbFFT t YS&F e
hydrogel to swell and will thus reduce the sorptive capacity, while |ess

cr ossthenkeratiing r estbtipp iFcokpbetie @t o§del itkidng, rpteo I%%vé%ﬁévﬁol yner
nol ecul es fully sol uble. The i mmobilized coating is then nodified with
a chaggeupwdidhyi tige agerityrier cam@dr oho tilrpactogaal énkary anfbai pmeferred
functionality to the coating for suitable nmenbrane chromat ography

appl i ¢atkensi s Sui  abtge chadgge Nogh diyi N @AGENTZRD are orgganitc Adfigund® e t h
guat er nary anmoni um groups connected by a non-polar |inker to another noiety
Capabgﬁe?&&@é%&% wii . heo | pBOBLbLILZEd RRatid: Jheser eenpaunds drave a
gener ornmula Y-Z-N(Al k)34X- where Y is a reactive |leaving group, Zis a
non- pgl.ar__al i.phat i r o ar ti i bk d hS i f any

wat er-%éoltﬁblaebooaugcl d.EOQ'he pbﬁ({r%eos(gr%%gtE%nﬁ(%gviw%hgrhg&ﬁ iogh?oa g%llltlyt é)tfe
reaction between the |igand and the nmenprang coating and en depart. _causing
the f&PRat ihéfﬁr&ge; di%%ct® bae‘?‘gee"ﬁfﬁ]e ﬁ‘ﬂﬁerrgﬁac%e%tg}gatisr?gr.%t,&‘%good"

| eaving group is usually one that favors high reactiaon yield under

rel at c@BRgifYlrd wbAdEL i éﬁ§.s Ef&RBPes 18Krealityy §eSWIS Y ithc i 9 dens
such as Br-, d-, |-, F-, and sulfonyl derivatives (Ts0O-, CF3S03-, C4F9S03-
etc.) crohe-thekiisgry iok .| éawivieg sgmeups liysiewe mo lecydiesd fudde, Sdrukadbéanyl e,
MB. Smith and J. March, Conprehensive Organic Chem stry, 5th ed., Wley

| nt ersci encae 20fMobAl tatdl ystatiismquodsal tyenequidied ¢db sfitéctat ehagmgal | ng
reaction and pronote departure of the |eaving group. Acids or bases can
servenagi¢gtabystsgaepending gngthe nad ur emphrithe geact roary Whemridre um
starting coating constitutes a polyneric amne, a basic catalyst is usually

neeqe%ukgtﬁghgﬂg% the pucl eqphi I'i c.gharagter fr thesan ge18i tre@ethratld s
basi ¢ catal yst caf be any strong inorganic base (hydroxides of lithium

sodi u ot assi u cal ci arjum o Ri.C t I ﬁgjpgg um
hydrog}fﬁ%“?%?ﬁé:aﬁoﬁ- p%?%?g{:?ﬁ Eenlrlgéan Eggggélgat%?%f%% Ig%&%%ggﬁﬁrate

al i phati c hydrocarbon, for exanple (Cl-12)" where nis from2 tq 10

br ancR&G ALEKHHG AP BRAr bHﬁrgguc%lagser- D) FEREHET 29 F CHR Sarona e|dcte(gj1&r oup
such as phenyl ene, tolylene, xylylene, or a conbination _of an aliphatic and
ar omative & TIFE -RPAeeT Nk mehi WP GRoOTpnONEAY k FaRaPs &pPdf é:reﬁﬂty”ﬁt"?]i%t hyl
anmoni um group, but can al so include other alkyl or aryl groups such as

et hyl thehemylobildrrad | chytingyefhgbe ecmpommdsn hevs angghicad loff agrla

wat er - sol ubl e organic or inorganic acid. Exanples of suitable anions X

i ncl udez-bullane MiotwHaera t €dito,a cidartitee brenmiidg, drodide,Z acet & eyon-
propi onate, hydrogen phosphate, hydrogen sulfate,citrate, bicarbonate, net hyl
SUlfOQ%H%m aliphatic or aromatic linker, and X 1is an anion of any

water-soluble acid. The purpose of the leaving group Y is to
facilitate reaction between the ligand and the membrane coating
and then depart causing the formation of a direct bond between
the linker and the coating. A “good” leaving group is usually
one that favors high reaction yield wunder relatively mild

conditions. Examples of leaving groups Y include halogens such
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sul famat e, etc. Exanpl es of suitabl e charge-nodifying conpounds include
2-chl oroet hyl tri nmet hyl ammoni um chl ori de (chl orocholine chloride),

2- bronoet hyl tri met hyl amroni um chl ori de, 3-chl oropropyltrinethyl amoni um
chl oride { CPTNVAC) , 1d 3-bro opyltrinmeth i brom de (BRTMAB) A
prefe??eégihargg-ﬁng?fyiﬁb’a&%ﬁ% %ﬁl nggnﬁ%%opy ?%?%%tﬁ@#kgdnnﬁfﬁ%?%fonide
( BPTVAB) . The degree of npdification, i.e. the percentage of..reactive
groupg‘l%ﬁoﬁﬁeeélcoés- Iﬁ'}ﬂeﬂh%hﬁﬁ{f) pﬁa@eiaé(&&g vﬁﬁ%ug%el%thgg- rrsﬁcdlldflﬁaﬁg
conmpound, has to be high enough to ensure that the solute primarj]l ,
i nt er 8665 WPEh SEREPHSHDrRfe sti¥dt ey @haM@éCFntQPQEFPBﬁ§?lﬁ8rCgﬁy %, PE
has hydrogen-bondi ng donor groups (secondary aninesé whi ch may reduce the

yi el dCbémebtted vbFuseif ,t hdylaye hoteronvented | 28Ol andt orcaliierdd By

guat ernary anmoni um groups. A preferred degree of nodification is at |east
10% moreaplef eraqd wdd | easte 2096t andenoséupt Bier red cati dreaghd 3@oniode t o
the relative sizes of a PEI repeat unit and BPTMAB (steric constraints), it
i's viptgakltyrbnpossidiee 18adchievgraupglegneedef opdiddcad i eanmusdriie gher than
50% A preferred process for formng the coated substrate conprises
the s 1) els) S ti t C in r h
cross%??%&gngaﬁﬁgg jﬁgégnéﬂ%hgh%H ggtgﬁith§%|3%§r ?gggkﬁgﬁregggiﬁmfiﬁ
cross-|inker; 2) Subnerging.th orous structure into th | ut | f 1);
3) Reﬁ%@? énghgoﬁgrlélﬁ’s C%é'lt Tt e 13 o?r?g%ql%ﬁ%ngrg%ﬁéhi %pi%r?;sqgf fdatoc[il:‘eljesgg]ess
liquid; 4) Drying the porous structure to effec ,%poss-linkin%' 5%

Subnet§i N UeHe Yoo B8Rt FRC PTG sbRfit PO LEoRIdiH T He? That g&5mddiS yi ng
conpound for a specified period of tine; 6) Renoving the porous structure
from ehénsohdtirogesf. cHakYyeLaBHFf girhg loGipciaid, L | ABY n§ Wl Wt Bidand

dryi ng. Turning now to Figure 1, the structure of a nmenbrane in

accor danee (hgidtrbxdetsaiat elbodiwent sodsun} | psteasédm, | watlivd venb ddh vigmt)
shown, a m croporous ultrahigh nol ecul ar wei ght pol yet hyl ene nenbrane was
firstopodidgaed DypLopol(yserbzangydi netdydiact yh et ctei@apd. The non-polar

met hyl ene-bi s-acrylam de on its surface using a free radical initiator and
UV actiiyation. cgHch genbranes nodifiededn tdis nanarhaved a porigisize
rating of 0.65 pmand are commercially available fromEntegris, Inc., and
are desj L uc gﬁgp an re ract.erjze | ow protehn ki ndi ng
to i t§§§g??%§g?pﬂ|’oggf%|§nd%lg oét h(i%zh?}ﬁnbwgaé%g [ }s] 4%)§5€)jfl|lé%m/1 cr%Q, IE\F/)\,hi %?1' [ ?
approximately 2-3.ti . hi gher_t han DURAPORE(r) _nenb S, 6-7 tiyes
Iomeréfﬁﬁﬁgﬁﬁnnﬁﬁf'ﬁggjéhdq5¥ TSI T ar Py ° yd%gphodﬁgggﬁiEEE%fHﬁVngéﬂ@

menbranes that are commercially avail abl e.
aromatic group such as’® phenylene, tolylene, xylylene, or a

combination of an aliphatic and aromatic. The quaternary
ammonium group -N(Alk)s+ 1is preferably a trimethyl ammonium
group, but can also include other alkyl or aryl groups such as
ethyl, phenyl, benzyl, hydroxyethyl, etc. Anion X is an anion
of any water-soluble organic or inprganic acid. Examples of
suitable anions X include, but are not limited to, chloride,
bromide, iodide, acetate, propionate, hydrogen phosphate,

hydrogen sulfate, citrate, bicarbonate, methyl sulfonate,
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The nodi fied nmenbrane was coated with a solution containing

pol yet hyl eneimine (PElI) and a cross-Ilinker, polyethylene glycol diglycidyl
ether (PEG DGE). The coating was dried and cured at roomtenperature for 24
hours, rinsed with water, and further nodified with

3-br orppfapyter i metthyd armoni UBxarphtde CBPTAB)Labb50Y% shacsesmoSLENia at pH
13 mai ntai ned with sodi um hydr oxi de. The resul ting nenbrane has a high
densi tympbupdsi t i recthde ge Dch her st wlcer asetimdl cataedndnd i gh cadsarigtel on of
negative dyes, for exanple Ponceau S. The nenbrane is stable in caustic

medi a (apdoeeuhd1bgef abr keabedden,a w deprangetalldevimeesyllt cammbeieasi |y
pl eat ed, heat-seal ed or overnol ded. The foll ow ng exanples are

inclu | n 5 ok Qe tHy 1USHIALIAN &Nth Bf g NQEpirRhENded o
I|nltgﬁggpﬁﬁgenﬁl%ﬁﬂq%%gﬁyﬁyﬁﬁ%l %& sheef'of hydroph?l?zed po yetﬁylene

Come nenaahb hﬁg@%@g@g@ il BAEe eoat%grm%% adugous, eyt lon

contarn ene| m ne
polyethylene g ig di gl Cld et .her Sb%na AIdrlﬁ ﬁ%rg 03M of _sodi um
hydr oxPaEICEREEEE Y 6P Isol BOFE ma%snlp SPPPERBYLAE e Ane wEE " Shed t o
dry overnight. It is subsequently rinsed with water and subnerged in 100 nL
of “ 500wema el (BPEMABY - 3- bronopr opyl tri met hyl anmmoni um broni de (BPTMAB) and
0. 1M sodi um hydr oxi de. The nenbrane was left in this solution for 48 hrs,
and concenfThat édga€Hofasnqublrfiioth Tadn y hddledtihe paracatagpHO&t rE3.Ctive
menbrane was then renoved fromsolution, rinsed with water, and dri ed.
groups on the cross-linked coating that react with the charge-
modifying compound, has to be high enough to ensure that the
solute primarily interacts with the membrane surface by charge
interactions. For example, PEI has hydrogen-bonding donor groups
(secondary amines) which may reduce the yield of eluted virus if
they are not converted into and/or covered by quaternary
ammonium groups. A preferred degree of modification is at least
10%, more preferred at least 20%, and most preferred at least
30%. Due to the relative sizes of a PEI repeat unit and BPTMAB
(steric constraints), it is virtually impossible to achieve a
degree of modification much higher than 50%.
A preferred process for forming the coated substrate
comprises the steps of: 1) Preparing. a solution of the coating
polymer and a cross-linker, and adjusting the pH so that polymer

readily reacts with <cross-linker; 2) Submerging the porous

structure into the solution from 1); 3) Removing the porous
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- Exanpl e 2. Menbrane prepared in Exanple 1 was used for adenovirus
~purification. Adenovirus was first extracted fromthe infected cells by
mul tiple cycles of freezing and thawi ng. The cellular debris was renoved by
centrifugation | eaving the viable virus particles in the supernatant.

Super araatunas fnoaat 8@l wh i AnBaitbnasePimie ofdpethat SMcokss Hideher 4)
clarified by passing it through a mcroporous 0.2 um nenbrane filter. The
sol ut bopings diHeut edowptih t hve opiivriebr at ¢ on elfdffefcedr , pHPS8sOlimagly;  S)
concentration 100mM The sane buffer was used for conditioning the

puri f EgBhkegingnbtaBe. pYirbus sekuticenreasial osbyupassed colrtedghnighe tinenbr ane
that adsorbs the virus particles, allow ng nmuch of the cellular debris to
pass throdgbnbherl i hierconbeun®mranes was.d e smshed iWd hoa weshe pufder, pH
8.0, Nad “concentration 200-250mM to renove any weakly bound debris.

Fi nal ne Vi | ute r‘%_rg)ﬂﬁa it el uti f.fer._ pH
8.0, hé@?%ggﬂceﬁggat on &%Oo&nﬁétﬁpg |rusr£§loér,1mce5}r§)tl?jz}tl§oryn v(\)gg ?s}llsgs:%eed by
G een Fl uarescent Prot gi n éGFP1)n assgﬁ, whi ch V\@S dev%l oped in house. Figure
2 sholeOhORL EAeCATR]UBF gF dBf 1FPUBr-E8c UREE T ( BRSefVdd Frider ni croscope)
correlates with the concentration of virus particles. The majority of the
data was oBBANARE WA BOda CE® adsayth&i pGEUFEVERL | Bh é‘nom%rf‘}&’f? fi ddta is
presented in Figure 3. One of the features of the sorptive nedia of

t he presentlanngertion icertmimi gmbpiddmendisd pori iyloptprbadeced adendvier us.
Open bars in Fig. 3 correspond to captured adenovirus fromthe cell |ysate
whi | eetnbedsnkhd bahswinndi cat entdwopercent aget odhvghusmpéecvéred faedmbithe
menbrane. H gh virus recovery (> 70% indicated by this data nakes this

medi apyerytayibabl enkah radenoviddls appdt cahb@Nfifari by ofcopiolysepartiing es
was anal yzed by gel el ectrophoresis, which is showmm in Fig. 4. It is seen
that L %ﬁp@gegglgmtﬂee PLES M HyA et ian, - 6L 1BREMAB, opr ovi des iisghdpuri ty
of eluted virus uspensi on, which’ s superior to a conmercial nenbrane A as
i ndi cated by _a less pr.a ed J Eg(@?pl 4, ; - wer e ared
accor Hlsﬁrglgtanxé‘Crrfﬁl%e fat%%nnagl va]!r?%llsfgfb}ljag&%oncen ra?Yona%/?qgé$%§\é'i n tthfcefp

reacti on m xture, ch produced different degrees of nodificatjon. Figure 5
shows"FRAEAPRE Jeél PEI Wolf f PEREEn Wi fh BPTRAES h&d 28 df?tﬁ?gi r?p]%ct on

t he percentage of eluted virus. , _
0.65 um and are commercially available from Entegris, Inc., and

are designated MPLC. Such membranes are characterized by low
protein binding to its surface; IgG binding to this membrane is
40-50 ng/cm?, which 1is approximately 2-3 times higher than
DURAPORE® membranes, but 6-7 times lower than Immobilon P and
other similarly hydrophobic, high~binding membranes that are
commercially available.

The modified membrane was coated with a solution containing
polyethyleneimine (PEI) and a cross-linker, polyethylene glycol
diglycidyl ether (PEG-DGE). The coating was dried and cured at

room temperature for 24 hours, rinsed with water, and further
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Clainms: A porous sorptive nmedia conorLsirtg a substrate haying a first
external side and a second external side, bath sides being porous, and a

por ous thickness between them said substrate being hydrophilic and having a
sorptive materiel substantially covering the solid matrix of the substrate
and e Fiakt Wik SedeivaBaB I IR TatedmaE W sBEpRLGE ndtfeiR 1D
conprising a crosslinked polyner having qua Lernary anmmorium groups attached
t hr ougfts & qweEpuolsarlutnkerat 20 hE3 por busa soedt v ieh need aunf hyfspride - wher ei n
said substrate conprises a mcroporous nenbrane. 3. The porous sorptive
medi a of cirai n R sulhene) n reaitdarerbhane eonpiibesdanpalkyol efi npoditThe
porous sorptiveclaim3, wherein said polyolefin is polyethylene. 5. The

POr ous, SYPt igte nal a Afred@d M2s WhedBkae sl dopubist giat eatisubbtabhghof
nol ecul ar” wei ght pol yet hyl ene
negative dyes, for example Ponceau S. The membrane is stable in
caustic media and could be fabricated in a wide range of
devices. It can be easily pleated, heat-sealed or overmolded.

The following examples are included herein for the purpose

of illustration and are not intended to limit the invention.

Example 1. A 6x6” sheet of hydrophilized polyethylene membrane
with pore size rating 0.65 um was coated with aqueous solution
containing 7 wt.% of polyethyleneimine (Sigma-Aldrich), 0.35% of
polyethylene glycol diglycidyl ether (Sigma-Aldrich), and 0.03M
of sodium hydroxide. Excess of solution was nipped off and the
membrane was allowed to dry overnight. It is subsequently rinsed
with water and submerged in 100 mL of 50 wt% solution of 3-
bromopropyltrimethylammonium bromide (BPTMAB) and 0.1M sodium
hydroxide. The membrane was left in this solution for 48 hrs,
and concentrated NaOH was periodically added to maintain pH at
13. The membrane was then removed from solution, rinsed with

water, and dried.
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menbrane, 6. The porous coated nedia of any o receding claim wherein

sai dpol ymer conprises polyethvleneimne, 7. The porous coat-el media of any
pLecedlng claim wherein said en s-1i ,d polynmer is nodified with

char ge-nodi fyi ng agent conpri sing an_organi '
annD%EHﬁle@ﬁpggy n&n@ﬁggecpreégred r%nnl%x%%gﬁgun%_hqxégg Hggﬁer?%Ey

adenovirus purification. Adenovirus was first extracted from the
infected cells by multiple cycles of freezing and thawing. The
cellular debris was removed by centrifugation leaving the viable
virus particles in the supernatant. Supernatant was treated with
Benzonase. The supernatant was further clarified by passing it
through a microporous 0.2 um membrane filter. The solution was
diluted with the equilibration buffer, pH 8.0, NaCl
concentration 100mM. The same buffer was used for conditioning
the purification membrane. Virus solution was slowly passed
through the membrane that adsorbs the virus particles, allowing
much of the cellular debris to pass through the filter. The
membrane was then washed with a wash buffer, pH 8.0, NaCl
concentration 200-250mM, to remove any weakly bound debris.
Finally, the virus was eluted off the membrane with an elution
buffer. pH 8.0, NaCl concentration 1000 mM.

Virus concentration was assessed Dby Green Fluorescent
Protein (GFP) assay, which was developed in house. Figure 2
shows how the area of green fluorescence (observed under
microscope) correlates with the concentration of virus
particles. The majority of the data was obtained with 3-day GFP
assay. Virus retention and elution data is presented in Figure

3.
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non-pol ar linker to a Inpiety capable or rbacting with said cross-1Ii.nked.
00. Lynctr B. The porous crated nedia of claim,, wherein said organic
conpound has the formula Y-Z-N(CH3)3' X, wherein Y is a reactive |eaving
group, z i a non-polar aliphatic or aromatic |linker, and X is a negatively

charged ion_of a er-sol.ubl e aci.d. .9. The porous coated La_of claim§,
wher ei na r?t?erojcs\é\?bgt F56H § h8t éclht?ups%%%&%?i %8%(331@ Brt ”%%e ’que_s,en%()_
and CF3603-, and Z is CCH2L where n is from2 to 10. The gorous cqoat ed
med: L&NENERaP IS Wher SitANt hetYitht BPAa PRFdiYnI S imeP §PBUFE tard G ed Son sai d
pol yet hyl enei mine by 3-bronopropyltrinetnvl amonium brom de. 11, A nethod
of pufikyi mprs viruEigeodpréetreSpardi Ay £APSOIES ACLYAHETSF ngreRi ¢1\A rus
t hrough a nenbrane to adsorb said virus, said nenbra conprising g snht 'c3
havi ngeaif i i gsaext ermidle s tard aosedornthmxt endalcagiedethbotpesteesadei mf
porous, and a porous thickness between them said substrate being
hydr ophirhisc rab-hadNgf BoBORPl eenimht £1d Al Hsyhstantisal tyceoveyi ng thos)sol i d
matrix of substrate and 1)C rst and second external surJ es, said. scrot:Lve
mat eri;aly; CQRRE P9 AnEL0SgLiRkeds ROLY RN havi g AuafeFhary AHPIM UG oups

adenovirus application.

Purity of virus particles was analyzed by gel electrophoresis,

which is shown in Fig. 4. It is seen that the membrane of the

present invention, PEI-BPTMAB, provides high purity of eluted

virus suspension, which is superior to a commercial membrane A

as indicated by a less pronounced BSA band.

Example 4. Membranes were prepared according to Example 1 using
variable concentration of BPTMAB in the reaction mixture, which
produced different degrees of modification. Figure 5 shows that
the degree of PEI modification with BPTMAB has a direct impact

on the percentage of eluted virus.
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at:ta edthrough anon-pol ar |inker, washing said nenbrane with. buffer, and
eluting said virus off said nenbrane. 12. The nmethod of claim 11, wherein
said crosslinked polyner is nodified with a charge-nodi fyi ng agent
conprising an organi c conpound havi ng quat ernary amoni um groups connect ed
by said non-polar linker to a noiety capable of reacting with said |inked.
polymer. 13, The nethod of claim 12, wherein said organi c conpound has the
formul a Y-Zé QEEMherein Y is a reactive leaving group, Z is a non-polar

al i phatic or ardhatic linker,and Xis a negati vely charged ion of a
nmonoval ent wat er-sol uble acid. 14. An ani on exchanger conpri sing porous

sorptive nedig copprising a substrate, having a first external side and a
second ext er nal’ séihﬁr?ﬁéﬂ?Qﬁpﬁégeb@?ﬁbaﬁ% S18Hd 2aSPBr bERTE thi EkifeSs

bet ween t hem sal%, substrat e_bei ng h¥dro h. %nd havi ng a sorptive materi -
substantial |y covelthg SEh& 8df it et @ oF Cohe SSUBStRate HndPshr Fif45Sst and

second external surfaces, said sorptive material conprising a corsslinked
d st

pol yner havi ng quatErh&SF Cfmo ANt gr OtPEs dtt&she FoUgR” at k- potisr

linker. substrate being hydrophilic and having a sorptive
material substantially covering the solid matrix of the
substrate and said first and second external surfaces,
said sorptive material comprising a crosslinked polymer
having quaternary ammonium groups attached through a
non-polar linker.

2. The porous sorptive media of claim 1, wherein said
substrate comprises a microporous membrane.

3. The ©porous sorptive media of claim 2, wherein said
membrane comprises a polyolefin.

4. The porous sorptive media of claim 3, wherein said
polyolefin is polyethylene.

5. The ©porous sorptive media of claim 1, wherein said
substrate is an ultrahigh molecular weight polyethylene
membrane.

6. The porous coated media of any preceding claim, wherein
said crosslinked polymer comprises polyethyleneimine.

7. The porous coated media of any preceding claim, wherein

said cross-linked polymer is modified with a
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10.

11.

charge-modifying agent comprising an organic compound
having quaternary ammonium groups connected by said
non-polar linker to a moiety capable of reacting with said
cross-linked polymer.

The porous coated media of claim 7, wherein said organic
compound has the formula Y-Z-N(CH3)3'X", wherein Y is a
reactive leaving group, Z is a non-polar aliphatic or
aromatic linker, and X is a negatively charged ion of a
water-soluble acid.

The porous coated media of claim 8, wherein Y is a member
selected from the group consisting of Br-, Cl-, I-, TsO-
and CF3S03—-, and Z is (CHz), where n is from 2 to 10.
The porous coated media of claim 6, wherein the quaternary
ammonium groups are formed on said polyethyleneimine by
3-bromopropyltrimethyl ammonium bromide.

A method of purifying a virus, comprising passing a
solution comprising said virus through a membrane to
adsorb said virus, said membrane comprising a substrate
having a first external side and a second external side,
both sides being porous, and a porous thickness between
them, said substrate being hydrophilic and having a
sorptive material substantially covering the solid
matrix of the substrate and said first and second
external surfaces, saild sorptive material comprising a

crosslinked polymer having quaternary ammonium groups
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12.

13.

14.

attached through a non-polar linker, washing said
membrane with buffer, and eluting said virus off said
membrane.

The method of claim 11, wherein said cross-linked polymer
is modified with a charge-modifying agent comprising an
organic compound having dquaternary ammonium groups
connected by said non-polar linker to a moiety capable of

reacting with said cross-linked polymer.

The method of claim 12, wherein said organic compound has
the formula Y-Z-N(CH3)3'X , wherein Y is a reactive
leaving group, Z is a non-polar aliphatic or aromatic
linker, and X is a negatively charged ion of a monovalent
water-soluble acid.

An anion exchanger comprising porous sorptive media
comprising a substrate having a first external side and
a second external side, both sides being porcus, and a
porous thickness between them, said substrate being
hydrophilic and having a sorptive material substantially
covering the solid matrix of the substrate and said first
and second external surfaces, said sorptive material
comprising a corsslinked polymer having quaternary

ammonium groups attached through a non-polar linker.
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