MEDI A FOR MEMBRANE | ON EXCHANGE CHROVATOGRAPHY BASED ON POLYMERI C PRI MARY
AM NES, SORPTI ON DEVI CE CONTAI NI NG THAT MEDI A, AND CHROVATOGRAPHY SCHEME AND
PURI FI CATI ON METHOD USI NG THE SAME This application clainms priority of

U. S. Provi sional application serial no. 60/964,653 filed August 14, 2007 and

the di sol oedidls 2RI LEREE HAE e 00l fﬂi%g%%éé&ﬂgf%im R GROUND, OF

LX)

THE | NVERFFREN L C PRI ARGy BORETNQ b WIEE, G QU ARG AT Ml Bo - anhy
nedi a HdSed-GH Hl SRt ity priatty 24 dd &L BH-2ahi dh %mg&%ﬂm ber i%ﬁMEﬁdi ng
that nmedia, and a chromatography schene including the sorber. Absorption
refers to takiigy upebiigatienr bylpérweatiorPiiio thé body -of Rpabsorptd ve
mat er i alpp dsoriptn oserefersot ocimwvedend3of ihpHedubestf ldm & WUl kenghdses ont o

t he surfmacel oforenl agsp! ptdveomedeaiabonpti 6n/080a7génerdld emmifadath i el udes
bot h adsorpt i ameandiahdorsptricen. o$i mvharhy, harsor phtyvepoas esd al hore 5Or piy on
devi ce hefeidhdenoted as a scxber, refers to a material or device that either
ad- or absorbs or both ad- and absorbs. The nedia is particularly applicable

as a porous nmenbrane sorbergugseddunmm ¢ oWt heyer cartri dge and nore
particularly to a cartridge free of a separate exterior housing. Strong

anion exchangers, Suehas,|ngss hased gn guarfer nary. ammoniym | ans,  4ng, used

i n downstreamprocessing as a polishing nedia for capturing negatively ‘tharged
| arge i mp ri tibes uch as zndot oxi ns, .viruses, .nucl ei c_aci ds(5 and host cell
prot ei N C?JﬁcP) i &fe PPEJBAL tn PEAMASYsuchiBESbi of Ogi TATCt I didd 2" 9e

parti cul arl ysol uti onsof manuf act ur edbi ot herapeutics Traditionally, anion
exchang&tPHavel beendoffer é42and s i n ¥hé bead FEHEC Fror ek anpteE s
Sephar ose avail able from GE Heal t hcare Bi o- Sci ences AB. However, throughput

| i mit atironsidfndee: bagedesyst eAbspegtiire ratgesvaburreksoloumrs afo reftftett i vel y
capture inpurities. I n bead- based chromat ography, nost of the avail able
sur f acebar epefoeaadsor ptimam | sthat ebndly t @t heabeadbsCapseguentilasertiel .
separation process is inherently slow since the rate of nmass transport is

typi caldyscamt il | ed rbyspore eichittin@n. o 70 i 1RidH12e t hibsndid f Usii@nalhase

resi stance and concomtantly maxi m ze dynam ¢ binding capacity, small dianeter

beads cgn be:eoployed.- . However ’a&sfberé}’é%e‘)fmécﬁ@é.' digppternbeads, comes - at the

price of increased colum pressure drop. Consequently, the optimzation of

term that includes both adsorption and absorption. Similarly, a
sorptive material or sorption device herein denoted as a sorber,
refers to a material or device that either ad- or absorbs or
both ad- and absorbs. The media is particularly applicable as a
porous membrane sorber used in a flow through cartridge and more
particularly to a cartridge free of a separate exterior housing.
Strong anion exchangers, such as those based on quarternary
ammonium ions, are used in downstream processing as a polishing
media for capturing negatively charged large impurities, such as
endotoxins, viruses, nucleic acids, and host cell proteins (HCP)

that are present in fluids such as Dbiological fluids,



preparative chromat ographi c separations often involves a conprom se between
efficiency/dynam c capacity (small beads favored) and col um pressure drop.
(large beads favored). In contrast, nenbrane-based chronat ographic
systens (al so called nenbrane sorbers), have the ligands attached directly to
t he convectiv nbrane pores, therebhy elimnati t he effects of internal
pore difusi DR U fass THATSBER . AGG! ti ORAFTS=CERESUse ot i B ater Bus ©
menbrane substrates with a tight nenbrane pore size distribution coupled with
ef f ect i V&3t lobptft St¥i baRors cart it 9 zelaxral i s peréreRamt  Pr 8vFde i f or m
utilization of all active sites. Consequently, nass transfer rates of

menbr andisofiised médimamay ber areronddre o naghiidudes gr egbedabhan fhan ofE

st andard bead-based chromat ography nedia, allow ng for both high efficiency
and hi gledltuxcaepaBadtonsenSenc@Bsi ngieveve eyenhsbvagkpdt ménorianes carse very
thin conpared to col ums packed with bead-based nedia, reduced pressure drops
are fouwhahongd heyehearatagnaphi clhede thusmal | ow ngns neceasertdd oy rat es
and producti 7ities. The necessary binding capacity is reached by using

nmenbr anes,«Qfr Sufdd ¢l @nted Nnternal surface area, yielding device configurations
of very l'arge dianeter to height ratios (d/h Properly designed nenbrane
sorbet's hav E phi I Cl i es t ar 0 - 1 ti e tter than
standard pre%a?%%?@gg%%%%- %g%ﬁ%%%%gﬁytorﬁégguggt thllje to aag‘rc:aibelvee %h%ﬁas%ene

| evel of separatiqn on_a nenbrane sorher, a bed height 10-fold | ess can be
ULi 1T 26t SBob T eRGERSEGE OL- 3 ok 'ard TSt aridar BT of REbr &AL SOPBEL S daffbar ed
to bed heights of 10-30 cm for bead-based systens. Due to the extrenme col umm
aspect THFGE-rBYuPFearsr 1ar genFeIctte YmefbP dneé 1$61heF s detfiteCdediyic i s
critical. To maintain the inherent performnce advantages associated with
menbr aner Foribett sis properai by etonndoduetlebydicstrel blutids lame reguiyeditoe
efficiently and effectively utilize the avail abl e nenbrane vol une. Menbr ane
sor ber treichnadliagysisnedeatdyi sirted barl tdirscappldrcaty onaumnt eat commerci al
menbr ane sorbe s, however, suffer from various drawbacks, including |ow

bi ndi ng stdengtdapai{£§ cukhy1ingt eBYERgHERRESeSn @RACIGXI NS BNHOWE) & C

aci ds. A nmenbrane sorbet is a highly porous, interconnected nedia that

has the.abilily F0shgmBVe;Gadt and/ ol absorb) somencoppanents of,a-solufion
when the latter flows through its pores. The properties of the menbrane sorber

and its ability to rformwell in.the required application nd_on the

por ous Cs(%alr%r% ur grgfsgt e rre%:rl\gp(sker}ioe ‘on ue;hgcl |1 %%eon %Rglrﬂgggﬁég%f the
surface that is, exposeﬁs to the solution. Typically, t?e por ous diais forned
first, Hr9mMe poiymer TR [HEESHOt- di S§6FVE TP Swel PR wat &F Vanbi Possesses
accept abl e mechani cal properties. The porous nedia is preferably a porous
menbr arféEhedti smdeb by phasecsépar abrondiefliéds WePRCRhown (SatiHe dreadsee,
for exanple, Zeman LJ, Zydney AL, Mcrofiltration and Utrafiltration:

Princi pleesomtd Appl i catuiongr Nesw t¥ordeovar et g dDdiekets 1:086:eHol | ow fi ber and
tubul ar nenbranes are al so acceptabl e skel etons. A separate processing step is
usual | y requin edonha ramedi, f yméhier €xt b nadd orcHragizalo gundracessandeinbe {aitser nal
pore outfaces of the formed porous structure to inpart the necessary

adsor ptdye o opekbt &8 Shpeerthe merhr anes st{yshds eaksa0htan figred f riom a
hydr ophobi ¢ pol yner, anot her purpose of the surface nodification step is al so

to mk%xﬁé‘%é%&é@?%“%ﬂ%%é CroPEs VWLl WLt ab] Brinating TREEE i&tsa
nunber of approaches to nodify t%e external or facial surfaces and the
internal . pore surfaces of.a_nenbrane. Those skilled in._t art wi.ll readily
Fecon ¥o, XeHET o o et HOAET TRV VP o R o BT GRO TPl s B o | TES! €
free-radi cal polynerization, grafting and coating.,K The nakority of these

met hods*%ad ft o™t of Hat T ons of™ Ny eFUPPke s EPuCt tires Pontt AR netame e
surface, which nost of the tinme achieve the goal of making it hydrophilic, yet
fail tdirpaftzacceptapbatadsorptilie privpert PéSectorcexdmpl elhighiitdpacity for
the adsorbate. The capacity is defined as the anobunt. (weight) of the

adsor bat@® tihan irchne bex et ailhedebyiangbevdnproivine ofnitfvemmediial.i ZAs-lahgrfas al |
adsorption occurs on the nenbrane surface, the capacity will be limted by the
menbrane surface area. BY their nature, m croporous nmenbranes have | ower
surface area conpared to chromat ography, beads. One way to increase surface
area is to reduce pore size, which obvﬁ%usly | eads to significant |osses in
flux. For exanple, the maxi mum (noncl ayeC adsorption of protein on a 0.65 um
pol yet hyl ene nmenbrane (Entegris Corp, Billerica MA) is about 20 ng/m,

L | . r 2 . e I . r L N < B T TR _ —— - o a1l |



The type of surface interactions driving the adsorption is defined by the
specific application in which a given nenbrane sorber product is used.
Currently, there is a need for a high-capacity, high-affinity sorber that
renoves viruses, nucleic acids, endotoxins, and host cell proteins (HCPs) from
a solution of nonocl onal agtibodies iNABs .. _These %npurities tend to have a

| ower isoel BctTic pofnt * t hah'the MABS Y’ wATEhR Means ffhat 4t Sa FertaiH P t hey
will be negatively charged while the MAE will be positively charged. An anion
exchang&IPsT efeal frelifd tHratheafsea positade Wik g andeat tragt Shani oils, is
required to renove these inpurities. A nunber of chem cal noieties bear a
posi ti vetatdage herdrbatrrkousrgoh uevoaphy nekddingaplimany, foecdrddr yiidnd
tertiary amnes, as well as quaternary amonium salts. The am nes are

posi ti vef §i charged aatd pHibeFéowuil, sadt et { dies ammosiimmesaktsghearot heeypositi ve
charge at all pH, so these groups are commonly call ed weak and strong ani on
exchangers;kdespeahbr¥ety. are veARI aihi@gXchanger s@nbeanes uhave gadiddpleith
positively charged binding sites that attract and hold various inpurities and
contammam.s,, Jhe ameunt ofhapugi tiessdhal ganphe polentiald yarepgvedds a
function of the concentration of these binding sites on the nmenbrane, and the
chem c e he |.i gand 1 he. at i of e |.igands)
is res%ﬁ%ﬁﬁﬁggqégp%ﬂg gFggnggﬁﬁ%?mgﬁégﬁﬁggfo%ﬁgggggggi0528Wnp5%?$$e§%&%igh
strength of binding is a key attribute for increasing.the renpoval  of

rur SOTE I G bt e HOnt TEEPF 2B Gt A TATIS  GABER L6 b ARRgCPeR. )Y s
related to the ionic strength of solutions required to elute the bound

i mpur it SBEBPIRERBr afe SorPer (Ehtastit BE AL coUIAGS i By Sani e SIS
determ ned as follows. First, a small anmount of adsorbate solution is passed
t hr oughlehiecarerbnangusethansso t hecadsordbate biadsteo tthe heabhaner sordyer .
Second, the nmenbrane sorber is eluted with increasing gradient of inorganic
salt, sutih)as sodium chloride. The m ni mum conductivity of elution solution
required to elute off the adsorbate is recorded and defined as the SE of that
menbrane sorbeipeByy | M Lagidg theusanber sdmengt h ofvdi nding.a hegativet y
charged inpurities can be nade to bind irreversibly to the nenbrane sorber,
ther eby, si gni ficant | yidicreasi ng ot he regpvaligbti chepey, Thisiscparddcularly
important for the renoval of weakly bound popul ations of host cell proteins
from an. antibody, stream, Conyentional fl.ow: Lhroyghani onexchanger stypicall y
contaiﬁDaIﬁua ernary annnniun1flgand't at °rs resp hsibl 6 T or attracting and
bi ndi ng, negati yely charged inpurities, while repelling the positively charged
D oaUCT T Bott oS FECOAT ARt Gal & wiEHEF IR CERr6eTrhat LRlOTdaE o e Lo
inmpurities strongly by charge interaction, a strong ani on exchanger, i.e., one
t hat hasS% positi Whakieedt aPledpH srdtdes, of s Inecedsarye Sthedpréesetr

i nvention denonstrates ot herw se. The present inventors found that polyneric
pri mar ynamires; preberabl yomapbephdt ito pold/rmerisstiavi g a0pePmarny fam nesad-
covalently attached to the pol ymer backbone, nore preferably having a primary
am ne dovad@nsvytantached tto tte potyneic backtione abyecat |reasitosone-@hiphati c
group, preferably a methyl ene group, bind negatively charged inpurities
except ional 1 yr $d r-onohye andub hyise aserbbespr eberred elsass afs materials, fof
creating the adsorptive hydrogel on the surface of a nmenbrane sorber.

Monocl galy ani badies 1cARLIAe L0 gBIALAROrLANCE: ascLhelapaUldceand s e

di agnosti c agents. The process of screening hybridona |ibraries ?or candi dat e

MABs i s bq;h ti me. cognsum and Iabor.intensigf.(gﬁgﬁ a beridqgﬁ:cell | i ne

expr essnilen% S tapl e P, . B¢ Est anI}li%%edafn a puri eitcat |losntrrrle odol ogai/rerrust be

devel opedt opr oducesuffici ent MAE. forfurther characterization, 7-' traditional
met hod ?%ﬁukﬁﬁ4f§Pndaf%V%}@%gly and effectively utilize the available

membrane volume. Membrane sorber technology 1is ideally suited

for this application. Current commercial membrane sorbers,

W2



using Protein A or Protein affinity chromatography. The purified antibody is
desal ted and exchanged into a biological buffer using dialysis. The entire
process typically requires several days to conplete and can be particularly
onerous if nultiple mABs are to be evaluated in parallel. U S. Patent

No. 6,090, 288 teaches pr aratlon of amino grpup cont.ainin hr omat ogr aphy
Tedi & (57" Senat acTORSr Dgt: dES ISTd HOETEr e ani dt e of SHI Qo r e a

hi gher |on|c strength 1is necessary for elution of proteins fromweak anlon
exchang" q?%ﬁﬁ&b st f%@?%ﬁ@ b%e§em?ﬁen9nﬁéFP§ﬁ§'S@P@@F@ﬁépsfé&ﬂﬂ@?%ﬁe¥%e
separation nedia disclosed is that "at distance of 2or 3 atons away from an
am no rid¥dyen there is a hydroxyl group or a prinmary, secondary or tertiary
am no group”. Herein, for exanple, we show that a | oosely crosslinked coating
of pure pol yalhyhlanine pokiprer idoes mothtequbreuany iaddirtdoomalc tgrioupslio
pronote higher strength of binding of proteins. U S. Patent

No. 5, 304 £38tieachesisi ngiai pi oy ei Rosepanat/con (aedi umridhatlr CoMYdSes &ome

wat er-insoluble matrix carrying a plurality of polyam ne groupings. One of the

exanpl es, demnstd atgs preparipgog RAlyal Infamne rsur f a1 g,,00di f | &g @garose
chromat ography gel . Fbmever the inventors of 5,304,638 fail to recognlze t he

| mport nge. Of 13l ng, A BLLIBLY AMAeS sy, SGEONdaY. Andohentlary, am

ef fort nmade or des concer ni ng control ing coat I'ng thi‘cknes

optlnlze S tion, . or, to crosslink the coating. for stabilit They enp haS|ze
the prétfer %%“nﬁﬁ%ér igF ERY o BSms! bdthetn” pa? P s 96F it %% [l ﬁté?ﬁsf a%’ bei ng
not nore than 3. They introduce an enplrlcal function O, which is cal cul ated
based cﬁF%Wﬁﬁ%ﬁ@u@fuﬁe“bﬂmﬁ%}@aﬁﬁﬁé §F60pI g afdl pHAEnP hasha prétéer &if val ue
of at least 1.3. In polyallylam ne, there are 5 carbon atons between nearest
ni t r ogeiheat ems faand theet 0iburestiored otoi ttlwoubdlbéichese fTgrdcally, theU. S
Patent No. 5,547,576 teaches preparing a porous nenbrane that has an

i mmobi Ipazedipalyaiiianeieoafénge@nd icaul,d becused tre nemove thiatusésefr amtagueous
solution. The coating preparation involves first grafting a radical on the
surf acejofsdhes neabrsang 1anth t heRereagtd ngothessadi calkepictb1a pol yadA Nesl
compound. Grafting nodifications are often inpractical due to their inherent

conpl eg& eﬁ@f‘é’s ar @h%enéb%ﬁ@ b dihe E%r%ﬁé«'f@fal%@s”a Eraubadisgl-d s

grafte and can be expenS|ve to I nplenment 1 n manufacturing enV|ronnent

This me ffe fro tructur ef | es discu d

5, 304, 386 %1 ree = of’ %ﬁegzlﬁgten 55@{% %52833M§H§0ﬁn6 3%

5,547, 576, to recaqgni ze the inportance of control over the Ihlckne s of

polyamﬁﬁﬁtog%ﬁhggﬁa gfdeéﬁeénofLBolyﬁe$n8Yo -1|mﬂﬁﬁﬁéaiiﬁipiﬁﬁg;ﬁﬁgtlng

Al of themrely on chenlcal reactlon of an anlne contai ning conpound with a
of: , PRROBERLCZ6850n NdHe g@ﬁkacﬁa@q%er by

grafting or dlrect reaction. In the end of any such procedure, one is

essent ildileti mltéd .t o a Hohobayefiligpe aani nedlogohtai miawp rooeats ngreHiaglhso

sorptive capacity of these nenbranes can only be achi eved by increasing the

surf acea@area; aldse | SHdletcase WA hsagarese chronmategngphytbgadss Theugresent

i nvention teaches that high sorptive capacity is achieved by building a

rel ati viedyutiek dayapaefl opsel yeef088a1 1 nked rpelivner kGrkayers ofndhehe

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.



menbrane surface, a radically different approach fromall those taught in the
prior art. Accordingly, it would be desirable to provide nedia and a
fl owthrough ani on exchanger including such nmedia, that offer strong binding
of inpurities and that do not suffer fromthe shortcom ngs of the prior art.
Such an exchanger is.particularly useful in the purification,of nonocl onal
anti bodi es f %efflgglfhfgﬂﬂ§ﬁ¥ao sithg ta° h@&nﬂ?%g?8§ﬁ§ysgﬁﬁnfx%ﬁﬁﬂﬁ | aced
downstream of an affinity chromatography colum that is optionally followed by
one or Hore2pott shithi?stepdncarPPed6GE dilt R4 Sc &MEdrR &c lrdnge ST e £ or
exanpl e. SUMVARY OF THE | NVENTI ON The problens of the prior art have
been ovEraohe P tIrd prigsenthd mvant i ont L Wwhicdeprlovi descamidi ze ammkkdevdaes, such
as ani on exchangers including such nedia, wherein the nedia is a nenbrane
havi ng reetsurdacencodtredowm bisarpoiyner slecdmas oxipeltyalnl, yl antagtuThieraesul ting
menbrane surprisingly offers stronger binding of protein inpurities and
super i ofad ey aboofmbestatabh, protef tisnd r emdbi ebegical sanpl gsjbhany of
conventional |igands based on quaternary amoni um salts, including
trimet hyl ammopl um bk 9ands. o formi%%%ﬂ'@?dmbﬁoéﬁgEEthkEOs%ﬂﬁ@ﬂﬂﬁé@“dd’ _
i ncrease the sorptive capacity of m croporous nmenbranes. |Instead of nodifying
the surfiace. ol Lhe. MEADEAne | 0, R 0 OLRYSE- Like figshion, Lhe ient ife exier nal

a Wi a e i nke

and intern pore surfaces are coate 00Sely cross- ydrogel .

The wet (swol | en). thickness of this_ hydrogel is about 50-100 nm which is
SUTT] I TD SoCBHHRR S SEveri Iyer sCur IBPatbi RLrsrecuNs " At He
adsorptive capacity of a m croporous nenbrane is boosted from about 20 ng/ m

t o 80- TUOPRRY M ESS Thé Oy pe= 8P i At rlatt i 6AB2EL Vi ntP ¥ hdPadsafpPrBAtrs dets ned by
the specific application in which a given nmenbrane sorber product is used.

Cur r entdgpacier el $ sdaf need for thehighusapdeietyhthi gh- daftfd midspdortzerthidiat
renoves viruses, nucleic acids, endotoxins, and host cell proteins (HCPs) from
bi ol ogical sanmpkesisadhbas sof ut¢wnsodfimaopdc|tdnal maimtd bods ed oONMABS) .a 1A nunber
of chem cal nvieties bear a positive charge in an aqueous solution, including
pri mar yad Seeonds Yocaifds t eht itdly radfiesc asumedde astguatapRany yanmni wa sal ts.
The am nes are positively charged at pH below 11, while the ammonium salts
bear the posidive,change afeallapH s khese oroups age cakled weak and strong
ani on exchangers, "respectively. The present inventors discovered that

pol ymerj.c prinary. am nes referably alj phati | ymers having a prjmry am ne
covalen%%/%ﬁ%%g%%d:T%ﬁﬁ%%ﬁ%%ly%%?ebagﬁggﬁe,S%6E§C%prgfgﬁabf§%ﬁ§g%ﬁ%ngx%rinary
am ne cqvalentiv attached to the pol yner backboneat |east one aliphatic group,
pref er a@?@%mm@ﬁegﬁﬁgﬁp, Hihd "Rega ?V&Wrﬁ‘?aq’regeﬁuifﬁﬁﬁ?i t376€ exCeptd onal |y
strongly and thus are the preferred class of materials for creating the

adsor pti & Hy dr Ogel SoRct hehsuRf aB818RSAYneRBA&NE CsGrierlficant lgssesdeseri bed
is a chronmat ography scheme and nethod for purifying nonocl onal anti bodi es,

wher ei nf tre. andoneexchangetbor her lingmpl (aced ldownst rewmreft iam aff i ¢lye ool um
(such as Protein A or Protein G affinity colum) and optionally one or nore
pol i shigwg #levi eesusuphlasthal bnni acexechange Eaolkymms, Corg,Ustila caatdsonizeéxchange
colum. In view of the nature of the nmedia in the ani on exchange sorber
described, kbbuke aro nondjhujioncofaihecation exghangeypoobs(orsaffidi ty

col utm exchange pool where no cation exchanger is used) is necessary to | ower
the co I Vit t - l.e re S r la rate at
hi gherr}'%éllt:é./d%%?g{fgt @1%{?_[@5;80?%@?19 gﬁ%’??éﬁs \?\g?% tgﬁgl'?'ro% {/ bi ng @gf't cel |
proteins_and other negatively charged i rities in biological sanples,even at
onduct T 65 ASBFOSRRGETY nareHe b ol eIl §oRigh gr SE0RE S%8

di scussed, earlier, relatively high device perneability is achieved w t hout
sacri fi%q/ bi ndi ng capacity because of the convective flow of the nmenbrane
sorber conpared to the diffusive flow of bead-based sorbers.



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure Ais a graph of water flux and
BSA capacity of 1 ram nenbrane sorber columms prepared from PAH cross-1i nked
wi th 0.5F PEG DGE; Figure 12. is a graph of water flux and BSA capacity
of 1 nmm nenbrane sorber colums prepared fromwith 9 wt. PAR cross-linked with
PEG DCE; and Figure 2 is a graph of ESA capacity of a menbrane sorber in
the free base formand the sulfamate ion formin the accelerated shelf life
test. DETAILED DESCRI PTI ON OF SPECI FI C ENBODI MENTS The present

i nvention rel%t esVP% pr§P6G§Qﬂw%ﬂﬁﬁ¥ﬁﬁEﬁﬂﬂ% %?lgb?%tF@é ﬁ@&pég%%ﬂQEf%i
porous, polyneric coating forned on a porous, self-supporting substrate, to
ani oni cj%&jdmgbis/s thel sde gt sachkimedica,t itoa pi;llfli pihdati on §6HemegIaRT] A ng the
sorber, and to nmethods of purification. The nmedia is particularly suited for

t he robustberenprvatiuof Lewusevel Gupuenties fhemenmasufactew@dfhirothériapgeuti cs
such as nonocl onal antibodies, in manner that integrates well into existing

downst reaf Py f i Qﬁtgmﬂﬂl@ﬁ&@se%o-f%léeralthlalﬁpuféhbe§sl nel tides ONA, nedot ©Xi n,
HOP and viruses. The nedia functions well at high salt concentration and hlgh

conductjvidy, (high-atfifnity)q E&E@CEEY§|%rE%@QM%”QHﬁ@%WS%%o%N%P 4nder; guch
condi tions. ngh blndlng capacity w thout sacrificing device perneability is

achi evedy | pdesd, depending 9 5ne,a9a41 Ng PLODer L1858, PLOdUCed g o have

a lower isocelectric point than the MABs, which means that at a
certain pH they will be negatively charged while the MAB will be
positively charged. An anion exchanger, 1i.e. a media that bears
a positive charge and attracts anions, 1s required to remove
these impurities. A number of chemical moieties bear a positive
charge in an aqueous solution, including primary, secondary, and
tertiary amines, as well as guaternary ammonium salts. The
amines are positively charged at pH below 11, while the ammonium
salts bear the positive charge at all pH, so these groups are
commonly called weak and strong anion exchangers, respectively.
Anion exchange membranes have multiple positively charged
binding sites that attract and hold wvariocus impurities and
contaminants. The amount of impurities that can be potentially
removed is a function of the concentration of these binding
sites on the membrane, and the chemical nature of the ligand (as
well as the concentration of these ligands) is responsible for

the strength of binding for the wvarious iImpurities. High



by the nethods described herein, nucleic acid binding capacities of greater
than about 3 ng/m, or greater than about 25 ng/m, or greater than about
35-40 ng/ M, may be achi eved. The anmount of the ani on exchange scxber is much
| ess than that for conparabl e bead-based process since | arge dilutions of the
sanpl e be| Ioad e sor.ber ia ar ng necessary. . The
por ous EUB Cﬁg %Pﬁﬁpsﬁ¥fé€es “as 8¥|a?§8rﬁf?ﬁ 5eoﬁ%?¥?% BP9 phy&i ca
structure of the substrate. A sheet will have a top and bottom surface, or
first arfd'Wskcofd suride-Cififese &PE c GBI/t erliredt "sF@éé"R?PEE%PSfIU|d
will flow fromone side (surface) through the substrate to and through the
ot her sitdeer(&ur f ade)oFotimol I(6W) f i ber seandetiubud athaenbraines strhapéhi sofan
i nside and an outside surface. Fl ow proceeds fromthe inside to the outside, or
Vi ce verslajt dependeagioad desi ghuaadtisebound inPheitthieckness odi mengiomedet ween
the two surfaces is porous. This porous region has a surface area associated
Wi th theinones (mefsof der 1ho cPrevetti vaenf usions r ehaf €d) t st he e s W d ace”,
"surfaces", o "surface area," or simlar usages, the inventors will refer to

the geqm%deESUFieges as & ernghoontf ad algsunfacessgryasogi des.pJhesurface
area associated with the pores wll be referred to as |nternal or porous

f P |
S oncs. LS the ndihd JIEt el al, conpri %8% t9§e89£§§ Qsar o %om ent

space, 5 d na Fix or “skel'éton whic S up yS|ca

the nateri.al For non-woven the r ndon1 nt.ed f ber
e G AR L FRThE g Ve Traloni iy kgl g "SATAREOTY QfLeIked. [ibers

menbr anes, the phase separated pol yner provides the natrlx Herein, the

i nvent o R TS €HalT YT of Lo VErTig Lithes kit f ateCof 2Eh& OvediTa. e iflfent or s
mean by this that the internal and external surfaces are coated so as to not
conpl etBly biockunheopoivesiviiat ¢5, eflotienaigvlaitsiani fégantedr ¢poreliwre of t he
structure for convective flow. In particular, for the internal surface area,
coati ngpfof coveradygprieans tibatréberdadriaxd sdedahed ars coner ey béavilng: a
significant proportion of the pores open. Absorption refers to taking up

of mat trefmbyaer seabéon i Bho e Lot Pfcigd abseept isvechatar icH . Adsoipti on
refers to novenent of nolecules froma bul k phase onto the surface of an

adsor ptive,redin, SRLPLLAN k8.4 general.fepm thats i ngl udes bothadsonpty on and

absor ption arly, "a sorptive material or sorption device herein denoted

as a ngber%ere%gmgrggea }ﬁgfﬁl emfgy|0%1%%§%1%%% 1§ﬁ 1@89@39%8&b%ﬁ£

removal efficiency. This 1is particularly important for the
removal of weakly bound populations of host cell proteins from
an antibody stream.

Conventional flow-through anion exchangers typically
contain a quaternary ammonium ligand that 1is responsible for
attracting and binding negatively charged impurities, while
repelling the positively charged product molecules.
Conventional wisdom dictates that in order to bind impurities
strongly by charge interaction, a strong anion exchanger, i.e.,

one that has a positive charge at all pH wvalues, 1s necessary.



The porous substrate acts as a supporting skeleton for the adsorptive

hydr ogel . The substrate shoul d be anenable to handling and manufacturing into
a robust and integral device. The pore structure should provide for uniform
flow distribution, hi gh flux, and high surface area. The substrate nmay be a

fiber, sheet such as ven ri c,. a.non-woven elt or a
ooy S Pty R D B T S R b O w ol s woven
fabric or a menbrane. Fi bers. may be of any length, dianmeter and nay be

hol | ow GtV &BIG Tﬁeyngret@@tt boiffed ¢ otet hef 138 d safdtfare (RATHIWRM ¥ hey
may be formed into an unitary structure after application of the coating) but
are i ndiMichelidiselererenhivies. aTheyngay baling e flerrhlof & teontdchuous

| engt h such as thread or nonofil anent of indetermnate |ength or they nay be
f or med tilnd opshorkcer badikvodeal rfddrer srrideaby ychoppimg fi bpoisangt eniials such
as non-woven or woven fabrics, cutting the continuous |length fiber into

i ndi vi duata pireces, sfreameddyra cryst alllivie gr ewthosethag; and theaktkene
Non-woven fabrics are flat, porous sheets nmade directly fromseparate fibers

bonded 4ogather. by gnpangling fiher or (fidaments, ;thes mabkyon, chencal}y.

Typical ly, nonwoven fabric manufacturers supply rredl a havi ng from1l to 500

St 7 uot UPET &1 he BRCHGI G T BEre S dpor osiy o ra't o THE 1 or thous Spaces

bet ween an am)gt e fibers rOS|t a sim ngfo felted
Fabr | oo A it rreﬂaﬁan oo T oy i eutenber s “Roidvendane 1 Loet 1= Mass,
and is type F02463. Woven fabrl cs are produced by the interlacing of

war p filPEHCHNd ReftRS i BErs2Gh A reedUl et Put tR TP weave style that is at
sone predefined angle to each other. Typically the weft is at an angle of
about 90 dedf@®es-tanahat anfibhdiear pcodtherieconionl yaused lapgirésinicrc| e but
are not limted to 30, 45, 60 and 75 degrees. The fabric's integrity is

mai nt ai e dpyedthie: mechiiniddalgniostterd oekieng sof The fpbetsssause bycitdwen iveavi ng
process. Drape (the ability of a fabric to conformto a conplex surface),
sur f acen giotdiness iandrskabitdd y cahdadhabr ey eigonidol | edupr idmddnyidy the

weave style, such as plain, twll, satin, basket weave, leno, etc. In this
case, they S@Q%Eatf’mp&ﬁ&ﬁéy 'o%ctehe S@@%"m@%%n‘%eet@eﬂﬂe ﬂ"rﬁer%xE?Qsﬁn@f aﬁ I ess
tortuous nature. he substrate al'so may be formed froma variety of

naterlahf quhyd gla Tﬁ%lls ; |;§é€rfffcggl%n #gt%o gle%%%slllcate

gl ass i's"'one ‘exanple of “& Suitab can orme ers or gl ass
mat s. Various ceram cs ased on t or e conventi ona SI i cg

cheni st35 65 Yrehor e Ekot | PTHEHI St ri e SUSH A& yt t Mefn zi *Toni a, = 14 U4H um and
the li ke and bl ends thereof can be used. They can be fornmed into fibers, mats,
felts, FonolGtHs ot ghbr dnesraditionappimgidiclichods BR AL AVeEsS thIe@PlV?ﬁ ckel ,
copper, iron or other magnetic nmetals and all oys, palladium tungsten,

pl ati numiregtd Rietdike Araybe nadet4int o ard s Fior nschi momiladdi qigpdhiber shhe
sintered sheets and structures, such as sintered stainless steel or nickel
filtergpumbiierd seneensdandi nonewavendnedrs] tabnkegeandirftel t s suchl @sisiiai nl ess
steel wool . The preferred substrate is made from synthetic or natural

pol ynmerycr it efisals,  dhenpapkastties @1’&la:é-ls@E@be%lsasﬁyﬁiC@Piyme%ﬁfqueé hi s
use. Thernopl astics include but are not limted to polyolefins Su

pol yet hyl.enes, inncludipg 4 iyahi ghoplecular wal ghtpelyvehhyhenesy ppl ypr opy! enes,
multiple mABs are to be evaluated in parallel.
U.S. Patent No. 6,090,288 teaches preparation of amino

group containing chromatography media for separation of peptides

and nucleic acids. It 1is disclosed that a higher ionic strength



sheat hed pol yet hyl ene/ pol ypropyl ene fibers, FIDE, polvsulfone,

pol yet her sul f ones, pol yaryl sul phones, pol yphenyl sul f ones,

pol yvi nyl chl ori des, pol yest er ssuchaspol yet hyl ene terepht hal ate, pblybutyl ene
terepht hal ate and the Iike pblyanides, aciylates such as

prynetolnethaC|¥ agﬁ) i gnlc yneri and xtures of the abov%} Clh er
synt hetit Haterrard iMéi ude et uldses: O bpoXT es  lr étfdhedantt tHe 11kE
SU|tabIesubstrateS|ncluden10|oporousf|Itratlon menbranes, i.e. those with por e
si zes f#%ﬁﬁ%ﬁﬁnNSC)ﬁ.¥%p%b%ﬁ?sioTﬁﬁ1l@GB§F@§FeSﬁé@é?ﬁé@lc5@35@IﬁydW%dﬁﬁ1|c or
hydr ophobi c. Exanpl es of hydrophilic substrate materials include, but are not
| i mi t ecdBeRrPpolysaticlani déssakb ool yan dest astwed| ddstsurcfacef (ZM bri pore
Corporation, Billerica MA). Exanpl es of hydrophobic nmaterial include, but are
not | i mMted tayapof yahefin nspipol yvtnybedendetkudsi de hypaloptyat afdougr aet hyl ene,
pol ysul f ones, pol\Rarbonates, polyesters, polyacrylates, and

pol ynethaiaiat gt esseddrelPof ousr strdiet ey | sargieat eg-4uom t he sdibsti at ecqmt eri al
by any nethod known to those skilled in the art, such as solution phase

i nver si onpdenperat uggsi;nduced @ha§§o§gp r %ﬂ%lﬁ{}«fe&a%to'a'%gmgt rgek-;/tchi ng,
stretchlng, 5|nter|ng, | aser drilling, Because of the uni'versal nature of

the pr rt I n v |I te
111‘%{}& é’i &é! Yofva 6? }{h%}d“’c %rao
struct K 2% apl 7 |nge heosupS r |ng skelet o n ﬁgﬁ%rane
sor ber bstrate naterlal made fromultr qbnnlecular melght pol yet hyl ene
has beé???%%ed e usetutd due’ fobjlliig%%ﬁ%fr%% -6 mechani cal properti es,
chem cal, caustic and gamma st abi | he coating polyner forns the
adsorptive Hydro- g6Pt&Rd bt s tﬁe3@ﬁeﬁﬁ@al 6?%ﬁ%§s(bﬂﬁﬂﬂﬁb gfoupdyetein
responsible for attracting and holding the inpurities. Alternatively, the
coat i ngs ol yaEerorpossedses chénitcal cgrouipsst hat are teasiling onodilfe abihat 1t io:
i ncorporate the binding groups. The coating is perneable to bionol ecul es so
t hat protmeinshand piheslitpustt besyeannbegeapbuned.i nhe tife weptdxaofptdwe
coating, increasing adsorptive capacity. The preferred coating polymer is a
pol ynerddmo i Fd s afit &8s Exafgphes ool asuit abk @ epehiFeiceC yd ineirey agessd ncl ude
chromatography gel. However, the inventors of 5,304,638 fail to
recognize the importance of using a primary amines vs. secondary
and tertiary amines. No effort 1s made or described concerning
controlling c¢oating thickness to optimize sorption, or to
crosslink the coating for stability. They emphasize the
preferred number of carbon atoms between pairs of nitrogen atoms
as being not more than 3. They introduce an empirical function
Q, which 1is calculated based on the structure of polyamine
grouping and pH and has a preferred value of at least 1.5. In

polyallylamine, there are 5 carbon atoms Dbetween nearest

nitrogen atoms, and the @ function for it would be close to 0.1.



pbl yal | yl am ne, pblyvinyl am ne, pblybutyl am ne, pblylysine, their copol yners
with one another and with other polyners, an well as their respective
protonated forns. A coating made from pol yal |yl am ne(and/or its protonated
formfor exanple pblyallylam ne hydrochl ori de(PAH))has been found to be

particularly eful. PAAis co La available (Nitto.Boseki) in a nunber

b ot ecal a1 vt ght 3 Sheust?y | - Phé: Paoe FRGRET. 060 “F6 1180, 000 B |

t hese can be used for_ creating a nenbrane sorber. FAA and PAM are readily

sol ubl 5P v@ter tnTheph 6 AqUESUS SAUtR O TRk FeahbBut 220- £ hthite  t hat

of PARis 3-5. FAA and PAM nmay be used interchangeably, however the pH of the

final sotadi o nmistndiee nonitwred andon f aecessar ywaldjtusted t1ha hecaadl ed above

10 so that non-protbnated am no groups are available for reaction with a

cross-lpmkerration idhelveat tngstypiredltliyigcanstadit®s ab Ilteastsualfoute -oDf t he

total volune of the coated substrate, preferably from about 5% to about 10%

of the tiof almev@lrun®e ofntherisibstkate.inlgn ceet atdyemrodiient sa thel goatiag

covers the substrate in a substantially uniformthickness. Suitable

thi cknessgs, hangecef rdn Y oCoatd ngi £10Maboul 10, pALE O BRQUL- 8 NM ge  to A

cross-linker reacts withthe polymer to nmake the latter insoluble in water and

t hus hel,d. o a e _su rti S Suitable ¢ Ss-1inkers

are di?%H%%?o%gﬁe%%ﬂéoﬁéngg%?g élQﬁbﬁééﬁﬁ%sggégiQgg%cgowﬁgﬁ éﬁ%ggﬁé]fﬁg

pol ynmer and are soluble.in the chosen solvent, which is preferably water. w de

ar) oty OIS s odi - PETATTAs Toadt VKA pEbrar 3 amans. Phoot SHOLaLrs t0

epoxi des, chl oro-, ' prono-, and i odoal kanes, carboxylic acid anhydri desand

hal i des.™8 tdHyies!a, "aBRsat trated @@Vé?@?mﬁPFriﬁééﬁ anitdes e Ketiorfess A

preferred cross-linker is polyethylene glycol diglycidyl ether (PEGDGE). It

i s readiton sglaibdteriat wieatlerde rovdrdeissf adtsamb et fiei ent3&t 05821 inking, and is

hydrophilic, neutral, non-toxic and readily avail able. The anpunt of

cross-linkeralused-hired heo toathawe sqlatdorns, s dased o8 t hes Ml aroFamt | carof

reactive groups on the polyner and on the cross-linker. The preferred ratio is

in the 3ange §7om about £10 o capaute 11000imporeafef eerednfirom aheut 20-to

about 200, nost preferred fromabout 30 to about 100. More cross-linker wll

hi nder he-jghidd tyrof,hhe hydr agelr 1,0, suel lpandiwilde thes adyce the, sarptive

capacity, while less cross-linker may result in inc.onplete cross-1inking,

i.e. |leave sone l.y.ner .nol.ecul es .fully | ubl.e. surfactant | be

used t?%%lpn%pr@g%}gt%e tpl)loaltyrrecroazct%lngt'i oﬁigni Sr I3}er(()1n ﬁ%ayen I?r ecahseur?an%%le of

t he supporting structure.Preferred. surfactants are . n-ionic, water-sol uble,
réﬁggk

and al KatiTle' §t abFe ¥ (O ostr f ALt ant 82 posSEES IR ab| geactive group

that has been covalently immobilized on the surface, either by
grafting or direct reaction. In the end of any such procedure,
one 1s essentially limited to a monclayer-type amine-containing
coating. High sorptive capacity of these membranes can only be
achieved by increasing the surface area, as 1s the case with
agarose chromatography beads. The present invention teaches that
high sorptive capacity 1is achieved by building a relatively

thick layer of loosely cross-linked polymeric layer on the

10



ability to lower water surface tension. These surfactants are sold under the
trade nane Zonyl by E. |I. du Pont de Nenmours and Conpany and are particularly
sui tabl e, such as Zonvl EWMN and Zonyl FSH. Anot her acceptabl e cl ass of
surfactants are octyl phenol ethozylates, sold under the trade name Triton X by
The Dow Chem cal Coppany. Those,.skil.led,in.the art will appreciate that other
SUrf actATNS 1 Sos Fay be uSed SPHE ‘dorcahth BT GH of PREPFGRt ARE USR] | 1T
coating solution is usually the m ni num amount needed to | ower the sol ution
sur f ace-3'EHsE o t'd v P detetti ng. Dewetting is defined as spontaneous
beading up of liquid on the surface after initial spreading. Dewetting is a
hi ghl y undesi¢abl@iedlent dbr iveg lorkmt fonlivfbihe tvenbranedsonpdia singcen it

| eads to non-uniformcoating and exposure of the substrate, which sonetines

r esul t stiow-ndneavetit abhé opr ostuclt aramelr r eduded isor ptive ceplc,t ythihe anount of
surfactant needed can be conveniently determ ned by nmeasuring contact angles
that a gremef bsabuhorn mekesunithea fdral suetace made fHomidhersane trad eri al
as the porous skel eton. Dynam c advanci ng and recedi ng contact angles are
especi all y-d Hiormd | vee Whirch ape; gepasyrned as thekiquid i scaddedet-o ofg

wi thdrawn fromthe drop. of solution, respectively. Dewettina can be avoi ded
if the sol.ut] s, f t h th 2cedi contact _an ; A
snmal | n%gu%té‘%fna%@w% op ?I ?lg %ngﬁé?lgﬁgf’j rtr(iggldiolr}g mfgqs%ocﬁﬁéjagnggan 135&%% jobi ¢
surface_optionally be added to the solutjon as a spreadi ai d. Pol yvinyl
2l cohol [T41 { K& 1P FELFRES pOTyFRr BHd Eart be GSBALPATeBAZeNTT XE6hs THAGI ng
fromabout 0.05 wt. to about 5 w. of total solution volune

placed downstream of an affinity chromatography column that is
optionally followed by one or more polishing steps carried out

with a cation exchange column, for example.

SUMMARY OF THE INVENTION

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 media is a
membrane having a surface coated with a polymer such as a
polyallylamine. The resulting membrane surprisingly offers
stronger binding of protein impurities and superior removal of
host cell proteins from biological samples than conventional
ligands based on quaternary ammonium salts, including

trimethylammonium ligands.

11



When the supporting porous structure cannot be readily wetted with the

sol ution of polyner, such as in the case of hydrophobic m croporous nenbrane,
a wetting aid can be added to the solution. The wetting aid can be any organic
sol vent conpatible with the coating polymer solution that does not negatively
affect the cross-linking reaction. Typically the solvent is one of the | ower
ali phatic al cohols, but acetone, tetrahydrofuran, acetonitrile and ot her

wat er-m sci bl e solvents can be used as well. The anmpbunt of the added oraanic
sol vent is tHESTHiFim heedéd 6 EiFect t¢ nsFaARLWeEREbI Vi t Y IO SEFE poritus
substrate with the coating solution. Exenplary wetting aids include nethyl

al coholsomtthiyie al eahelitsand disopropybrareohol membranegst hods Ioftesdt i myf can

i nprove the wetting of the web by the coating solution. The coating solution
may be raticledinqnt oclidhe svebfdar a contirlod | ecendererey  sio asa t onaum faorad -yl iSlat ur at e
the web and | eave no hydrophobic spots or areas. This may be done, for exanple
by extraimpht he t3el ukhenrthr oughraa sl oinpr assednagai pstet heumehseor 4+ cl ose
proximty to the web, in order to force the solution by the applied pressure
of extrusiqnyipienthe weh.iRersonssskidied hnitheart will ke ablig10n)
determ ne conditions of pressure, speed and sl ot aeonetry needed to produce a

uni Tormeoaplng, or enf\PrELrred process lar fapming the, cograd, subsirate

conpri ses e steps o preparrng the solution; "applying’the solution on
t he nenbrane;. renoyi ng excess liquid fro he exterpal surfaces of the
substraﬁ%‘?1 S ngCt e TrEbI TS i?véﬁ?? néatyﬁgsrre rEﬁ@l;%e%P i HsT Ag i

drying of the nenbrane; r) optional annealing of the finished nenbrane; and 7)
opt i onal &t d HreattERIFofl ehe CrERbrANe. Ofbré speetPPeaPly, BEEor#tton g s
prepared that contains a suitable polyner and cross-linker. The concentrations
of thesmasiedorfpomentbodét er i neyAthle tthi ckRAeds80anuy delyr ee Gheswevbengbf the
deposited coating, which in turn define flux through the nenbrane and its
scxpt i viemtcapact toh s adrshomwn  helcova dddwep pobry mes  atd icrecas skii nker sree-idiissol ved
in a suitable solvent, preferably water. The solution may optionally contain
other inggedientsn sHChaS WLt iNGal dsemispsieadisagrairdssrane-a pH adjauster. |f
a hydrophobi c substrate is used, the surface tension of solution will have to

be | ow @nough-ipn order to wet if..Aqugous, sakyhie.p-0f +pol vie s fypically will
not wet hydrophobi ¢ m croporous nenbranes, so an organi C solvent (wetting aid)

wi |l have.to be add he.sol ution, .hel p .sprea e._coatin iformy on
the surtadeof TuThy SrEbRohi £ hanbr anducd dlr FacTn ey Be daded b e
solution.. Finally, depending on the chem cal nature of the cross-|inker, the
pH may Tiekd PBOLélPai SEdin or'ddl POCLPPACE Tt e Bt oss- Finki AG rEdcti o The
sol uti on conmponents and Eépical concentration ranges are listed in Table 1.
TABLE fﬁfg@ﬁ%@ﬁb%@atbﬁgt ﬁ@égﬁﬁjMABs>. A number of chemical moieties

bear a positive charge 1n an agqueous solution, including
primary, secondary, and tertiary amines, as well as quaternary
ammonium salts. The amines are positively charged at pH below
11, while the ammonium salts bear the positive charge at all pH,
so these groups are called weak and strong anion exchangers,
respectively. The present inventors discovered that polymeric
primary amines, preferably aliphatic polymers having a primary

amine covalently attached to the polymer Dbackbone, more

12



Pol ymeric primary am ne Hvdrogel -form ng adsorptive polvnmer 3-15 Cross-1inker
Effects formati on of hvdrogel 0.01-2.0 Surfactant Surfactant for even coating
0-3.0

preferably having a primary amine covalently attached to the
polymer backbone by at least one aliphatic group, preferably a
methylene group, bind negatively charged impurities
exceptionally strongly and thus are the preferred class of
materials for creating the adsorptive hydrogel on the surface of
a membrane sorber.

Also described 1s a chromatography scheme and method for
purifying monoclonal antibodies, wherein the anion exchange
sorber 1is placed downstream of an affinity column (such as
Protein A or Protein G affinity column) and optionally one or
more polishing devices such as cationic exchange columns, or
just a cation exchange column. In view of the nature of the
media in the anion exchange sorber described, 1little or no
dilution of the <c¢ation exchanger pool (or affinity column
exchange pool where no cation exchanger is used) is necessary to
lower the conductivity of the sample because the present sorber
media can operate at higher ionic strengths. The sorber
functions well to strongly bind host cell proteins and other
negatively charged impurities 1in biological samples even at
conductivities approaching 15 mS/cm, and at relatively high pH.

As discussed earlier, relatively high device permeability
is achieved without sacrificing binding capacity because of the
convective flow of the membrane sorber compared to the diffusive

flow of bead-based sorbers.



Hydrophilic polymer Surface hvdrophilization 0-1.01 Organic solvent Initial
wetting of hvdrophobic nenbrane with coating solution 0-30 Inorgani c base
Rai se pH to effect cross-linking 0-5.0 Water Sol vent

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is a graph of water flux and BSA capacity of 1 mm
membrane sorber columns prepared from PAH cross-linked with 0.5%
PEG-DGE;

Figure 1B is a graph of water flux and BSA capacity of 1 mm
membrane sorber columns prepared from with 9 wt.® PAH cross-
linked with PEG-DGE; and

Figure 2 is a graph of BSA capacity of a membrane sorber in
the free base form and the sulfamate ion form in the accelerated
shelf 1life test.

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, to anionic exchangers
including such media, to purification schemes including the
sorber, and to methods of purification. The media 1is
particularly suited for the robust removal of low-level

impurities from manufactured biotherapeutics, such as monoclonal

antibodies, in manner that integrates well 1into existing
downstream purification processes. Typical impurities include
DNA, endotoxin, HCP and viruses. The media functions well at

high salt concentration and high conductivity (high affinity),

effectively removing viruses even under such conditions. High
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Bal ance The coating solution is applied on the substrate such as by
subnergi ng the substrate into solution, renoving the substrate from sol ution
and renovi ng excess of solution fromboth sides of the substrate nechanically,
for exanple, using a pair of nip. rolls (N pped off). The porous substrate
whose ggéﬁf.are filled wth solution is.fubseque tL% dri ed. Eﬁying@gan.be
carrie Y evporaty on Ht ¥ bom 1EHper At Ute of° Can bd detet'erated by’
appl yi ng heat (Tenperature range of about 40-110C) After the coated substrate
is driethR48vs -hgﬁadﬁéﬁlaﬁﬁﬁqqﬁiQ% Tt oht S eVEP AL NHOMFSPES teéve i O BHyR so
that cross-linker can fully react with the polymer. Cross-linking may be

opt i ondly ytlaecetehateddbycappkdi hgrheat . NThd edubstaigt & irgligubserenttiyes i nsed
wi th copi ous anounts of solvent and dried again. Additional optional process
st eps igitl ydeaaneahangabhetdi edy/mEnbrane goebeerathan elbevat edb treyvpelr at ur e
(60-120C) to adjust its flow properties and treating it with a strong

non- oxidht z4ngx thnobigsh ¢ acbdtatsconcagynatl i 0Ay0pEMatcd ikl el prictonate@irtie

am no groups present in the coating. Where the polyner is PAA
convertdng tessenhi ahl ye Al A nos groups 1isn thenpol yaer dipho ¢epkesponding
ammonium salts after heat treatnment of the nenbrane will help ensure

consi st t he ,pr.oduct ter : il LS | . Sknc he
base nﬁ%%ﬁ%%ﬁﬁ?%QvégvﬂﬁﬁﬁFgﬁﬁggﬁE%%ﬁ%’tﬁ%ahégro%%¥9?c %ggﬁﬁ%gﬁ%s %%ry@h%osely
cross-linkgp nd.noH_co ntLy attﬁéged to the matrix, sone |lateral shrinking
of the PRIGeI W T I1 RS The Henbtidne (6 betote bt 1dbl'™& Wit water. On
the other hand, if essentially all am no groups of the FAA are converted into
cor r espondi ngtaniBhPUm saEd ralte fatr EuSeF WA ofSthel dFfedWddat i
greater retention of water by counter-ions and stronger affinity for water of
t he chargmdetpolyner whlEihelpstousakect e ngrbr anles ot ee wat ér Sbetettabiiell A
strong, non-toxic, non-oxidizing acid, preferably one that is nonobasic to
avoi d ilonie €ross- bhikibng tofn PArXaceshout da béiusedahd pr cicanate RA Pacdor this
pur pose. Sui tabl e acids include hydrochloric, hydrobrom c, sulfamc,

met hanspldoni £xc t ebahdbOr pacetheqd apddtkil fl uanhoaeet,i ¢ 1agid.wiAlt hough €hderi de
may be the counter-ion of choice since it is already present in the sanple
protei nysol utien, (Lt MBYenotybe, practical sfOL: a;coNt NUQYS; PLRESSSHT O-ise
hydrochloric acid and/or 1ts salt due to the corrosion of steel and the

occupat i.gnal fety_l i nvaol ved, re.suitabl Ld s thu ul famc

aci d (10-%2% S%g?)?—b (Fg%%rgggéfreﬁoarsd%%ﬁl%@o %%af%ngngggcﬁjtb%fl&r I'—rﬁn?msanesa’ A

sui t abl rocess for, pro bnat'n% the FAA is to subner ¢ the nenbrane in a
0.1-0. 5 'M'sol tfi 6 df'% p%ﬁlio Bt Phd°d -ed,S%f@rCe%-ablg St PAMCESAS I TH wat er
(or a water/alcohol mx to fully penetrate a poorly wetting nenbrane),

f ol | owed byl FPASENG Cantdr pitk§ldPhe FestlERng Hstbr apeP Wit nbear sif Tt e
counter-ions, which may be easily exchanged out by enploying a sinple

condi tianl ngsepr ot ocol, such as 0.5M sodi um hydroxi de fol |l owed by 0.5M sodi um
chl ori de. Such acid treatnment inproves shelf life stability of the

menbr ane, arnthal sloi¢lesadd sdimneas sbgnbéteanhl yhbi gher ssirrfengtsh iof ddndiang.

Al t hough the present inventors should not be Iimted to any particular theory,
it is believed-dhat -whes, PAsi § dui-edcknathe fuldoyipretonatied wacightdseat ed)
state, it assunes a nore extended, "open" norphology that is capable of better
encapsul;at ,0g. BSA Al Lhus: widd, gl el fasec iy wntidna higher ignig sicength
is reached. A ?urt er Eeneflt ogla0| -treated nmenbranes is greater stability
tomards\iqgéziQg,irrgdhat& n su%h as, %%nnﬁ$r£a9iation w@Hﬂlﬂquﬂi%pcepted
steriIii%fi6%}%rdbe%uresgoraFFlfﬁé??on proﬁuc%sé U5a9S5hy &8t RO ®
paraneters define a successful nenbrane sober product. They_are:. sorptive
capaci t9-1¥ | B&Lnd 6t r BRGt YD i ng A9 t RE sEFERGERLof Ohi dtTig i s to a
| arge extent determ ned by the chem cal nature of groups presented on the

sur f aceSWwitamior e 39r Ferdescapacity &Hd fRlcex aFed usralddi ad 9%t Wirbhe Gensiti ve
to the procedure enployed to formthe sorptive |ayer and the anount of polyner
and crassedd nkierl, e riesfofteh thser viedathatl for o giwerswoibiaation. of
supporting skeleton, purification efficiency (determ ned by the bed height)
and chem cal nature of the nenbrane sorber, greater flux can translate into
smal | er sorptive capacity, and vice versa.



Figures | A and 13 show typical trends observed for a nenbrane sorber prepared
according to the present invention. Fromthese graphs, the trade-off between
flux and capacity is obvious. It is seen that both PAH and cross-I|inker have a
direct inpact on these critical properties of the nmenbrane sorber. To perform
sati sf act Orir%}/ in the ajgfl j cati on, _a ggﬁg menbr ane. sor ber shoul d possess both
high flux and Hi'th Bapa ?@.C%%& of°a fenbrand’ s6rséer C&F bédeherat iy
expressed_in_chromat ographic units, CV/mn/bar, where CV is Colum Vol une. The
flux ofll git¥en TotHM™¢EFdie %‘bv?&ﬁ%??oaeﬁgﬂo@ oft2tRE ¢8Y ufmeheilght:Cathi ch is
usually optim zed for efficient separation. In case of an ani on-exchange
menbr arfdtlsotibesnt epfi dibentnzgbtubml hei ghtr canabeldef iimeda byponheorieni mak hei ght
required to effect 99.992 renoval (LRV 4.0) of a negatively charged virus, for
exanpl eelMWEL aldirsl ¢ ob nivn bed ghi baas fiebadubo the abautix0.25dmifer e waenbr ane
sorber in the present invention. For added assurance of virus clearance,
col umsitof doubl e thapohenght n(iraphrane used rbowts nehy tdr=cughoyta tdisd
invention. P._ desirable flux of a menbrane sorber with such col um hei ght
woul d be, alyd eash 29 LW m-atbay, oF; bet t ey mmre prgter ablyn 86,25 LU I bar or
better.” Achieving the right conbination of flux and capacity is exceptionally
difficuld,, The present.jfventars have had to go. significantly beyond routine
it at op / it ng

experi nen n-or concenttation imzation to achieve the outstandi
properties of the. nenbrane sorber. For ex | e, the cross-linker was

el QS JenolBisT STEe 1o GHTVF 1ok B, CpoF AT S RrEEt € Atharo Bhishen
very beneficial for high sorptive capacity. Using internedi ate nol ecul ar

wei ght of FAATP5, 1000) ChERL afFfovedlacti evithgrar pal afdé thetveehOf Fov3aRd &
capacity. The inorganic base used to adjust pH was of on-salting-out kind so
t hat a i ghiefr 1 @omic emt vrat i ohoof o FARheoak dubéuusedoto cachieee viei gh ceapaclity. The
choice of surfactant was dictated by recognizing the need for a non-ionic,
caust i st tabtel aonmpoéund,thwhi et ¢tea anpuntfack surdgct andt heeded wasydwiumd in a
separate investigation. For contrast, a Pk nenbrane sorber prepared in

accor dancenh t b penditng appld:cat i ons US 20082002116 15-basrEhpux akgfusly 7.25
C/mn/bar for 1 mmcolum, while the BSA capacity is only about 61 ng/ nl.

Anot herg i hpof tantt aspgelrofot his diwemion 5.t he posttreatnent procedure
enpl oyed after the scxber nmenmbrane is cured, rinsed, and dried. The inventors

di scovered tha r.eat ment - of b e_sorber bas n.pol ri.c .primary. am nes
W aci d STORTICantT y best o e 2 arPIngbn ot TBnding Y vetoa i1y ey
stability towards ionizing. radiation. . A very_surprjsing di scovery nmade
by the iHRemtbrs s Eiat SReraELrdat MBAFCELGNT 1 cAAtT YL PhirRasksithe st ength
of binding of nmenbrane sorber, from about 54-58 ns/cmto 78-82 nS/cm It could
be hypdthegized ?haf'owReHLEAA ir9™drd eUlh PRE SFulditpxbidnaredaCaciod- tateat ed)
state, it assunes a nore extended, "open" norphology that is capable of better
encapsuldtdmng: BSA endli 4 husSekbtinot isebhegsecirt lunteirin g&hritghiercliwhi < Istttengt h.
This benefit was unintended and surprising, vet it is very beneficial since a
hi gher SR asualdry tnansdiaiesot dro. betdiefi reerbyal aofsdir@cierd nparketias. or

The perneability of the cross-Ilinked FAA nenbrane adsorber was inproved by a
hi gh-t expesatdi eje€idd Nger PIOCESSotdAeaki ghbyrergssdinked FAAgelehag t he
ability to absorb significant ambunt water resulting in orders of magnitude

i ncrea [ Thi s ause |low perneability. It appears

t hat tfﬁars C{)I%r%lp%rte;%o?%teh gée %ﬁfg& u%g%%y dehydrating it to such an extent
that it red es tgreogé/velsl %ngrggean ccept ablg Ievg‘J% nvﬁttgoelﬂtet%% Oorrrits}ileng t he
strength of |ndIiDng and”¢ S crty of "the ge?. P74 %,gt

he“clrihg process is
capabl e of tuning the perneability of the nmenbrane as necessary far the

pr oduct® ISR abi e cﬁY@E@%%npeF&Fur@%@%uts%uﬁﬁocpem@@%% abty from
about 85-100C, and for about 6 to 72 hours. Gammua irradiation is a

wi del y lededptetl sbedr indyatd o pristedure for TPPPEFatdoh préadeps. device.
Gamma-sterilizability is a desirable feature of a nenbrane sorber. The

i nvent ditss abses vetdracsur pr sspngdbemefriitieoff cacivd-itiroeat edl avendbranel lsorber, i n t he
fact that it had a greater stability towards ionizing irradiation. Figure 2
denonstrates ESA capacity of menbrane sorber sanples (control, not treated

wi th acid) and those converted into arrﬁgni um sul tanates. Al of these sanples
were irradiated with 25 kGy of electron"beamto sinulate ganma sterilization
conditions. It is clear that acid-treated sanples maintain their properties
much better than the non-acid treated. The thus fornmed ani on exchange
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exchange colum then can be flowed through the present ani on exchange col um
for significantly reducing the concentration of residual host call proteins,
viruses, nucleic acids, endotoxins and other inpurities in the fluid by
causing these inpurities to hind to the nedia under appropriate conditions
while allgqw usef ul rifie roduct to flow hrou h the xchan
por t AT LR bt piETH | CHEFORE o L ERe. caPFon BRERange ool S Pre Tt fr om
t he cation exchange colum(s)) using the instant anion exchange sorber can be
acconpld sHeer Wi £hotit 2Ehe ﬁ%&%@lﬁﬁ%ﬁl%hlﬁn?Qﬁl%ﬁv?%e taffbn exdkrarng®pcol that
was conventionally necessary in order to reduce the salt concentration (and

| ower defductisvi ty)eforanbbl ethitesWostreet| 1pr ot ehnstt ¢ cetiegctdivel ywdiigd.

| ndeed, the sorbers of the present invention have very high binding capacity
even atohimghh-saltercaofgenta atn onsnawidraoonductivity (e.g., >60 g/ L BSA bi ndi ng
at 200 mM NaCl), and allow for much hi gher mass | oadi ng than conventi ona
sorbers (e.grib& kghdy coaparednto 1BREkg/d)amntder Lypi sal, eat iron 1exchange
pool conditions, see Exanple 7 below. The ability to reduce or elininate

d"Ut'Qﬂipﬁjth@h%%t'§@e6¥ﬁﬂ@”98n&89|-685%8%%11h§s“k9“sﬁ@@%95%¥ a%afﬂﬁﬁh&ﬁ“t
concentrations of the i nstant sorber is a significant advantage.

t b t bust | h | t
oncent o] ofntitr elativel o RohtprThr s SreytRiEss ik e%%%léﬁa\/ hf%%nssﬁf
100 mM d 150 nM t N |t ed b |
skilled in® ﬁecgﬁtiﬂ'gn e e i R f e R 2k P YR ey i 1O°€

domnstrean1pollsh|n carried out by the one or nore cation exchange col ums
may notPhe ec &Orghdoﬁhealn§PaﬁﬂnéﬁPén eREARAgeS 8Bl bet S ca et Pl atted
downstream of the affinity colum w thout internediate cation exchange col ums
i n bet wewm f Armlogoust y infler espavadpplliccatthorss t ey nse gnbearficamesk chahge
sorber can be placed downstream of the cation exchange colum with no need for
capt ur esHaftfémi tiydicdldunri prfebediengnade by chbheihgl | 6Wbnguexaml esi Are

i ncluded herein for the purpose of illustration and are not intended to limt
the i nvani oms Exaiphe vkn( PAA ofohydr ophebi esPE}utting Amaquegusisolid ion
was prepared containing 20 w isopropanol, 9 w. k PAR (nol ecul ar wei ght

15 000); o3t - kit ymbyqr@&ﬂ%@nogx@eege Zodhed. K1 LON 2000, 5 wt.

PEG—DGE (nD ecul ar wei ght 526 and 0. 2pol’yvi nyl “al cohol” (nol ecul ar

wei ght 3 degr.ee, of hydrolysis hydrophobic TIFF nenbrane with pore size
rating %%Vg& me\%clahsoq uarpfc51 tq“?t%l With this sol uti on, and e OR liquid was nipped

off. The nenbrane was d ied at roo enperature fo 24 hour sed with
QoD 0us. aOUITE T St ArEid Sae e hanol | g e oSN e e e B Yoks
readily with water and has wei ght add-on of about 25... An eight-Iayer

M| | ex-t5ife §V¥¥ﬁ§§fﬁe§ﬂéérﬁasb%%%%@ac@lﬁ%ﬁPQ?(n%ﬁ:h?§tﬁ§ﬁ%#§ﬁe thatf has a

surface area of 3.5 cmand colum height 1 nm The device has a flow rate of
62. 35 CB/Ivmgihas, BBArwapaci tor 90heyglinklland Sitwiergt v of nbiwdiveg ofalbziarS/ cm

manufacturers supply media having from 1 to 500 micron mean flow
pore (MFP) ratings. For non-woven fabrics, the porous structure
is the entangled fibers, and porosity refers to the tortuous
spaces between and among the fibers. Porosity has a similar
meaning for felted fabrics. A preferred non-woven 1s by

Freudenberg Nonwovens NA of Lowell, Mass. and is type F02463.
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Conpar ati ve Exanple 1 (PAA-GITMAC on hydrophobi ¢ UPE) The nodified
menbrane from Exanple 1 was further nodified by subnerging in 50 wL.,1 of

gl yul dyl tri met hyl ammoni um chl ori de (GTMAC) at pH 13 for 24 hours, rinsed with
wat er and dried. An eight-layer MI | extype syringe device was manufactured

fromthis rane that. has a surface area, of 5 cn?2. The device.has a fl ow
rate of 10.15 ¢V méﬁbofdﬁs BSA ScapaCity 6o hy /ﬁ?? ahdtstrangth off bi'fithithg of
19 nS,cm_ Conparative Exanple 2 (Sulfamc acid treatnent) The nodified

menbr ane' #57om BXanPret 1 TnAs T Furlther Tsdi ¥4 edP Byt SUBneF gi'Rg Vien S0-Y517 sttt i on of
sulfamc acid in water for 10 mnutes, rinsed with dei onized water and dri ed.
An ei ghits |avesomvt | Perdetypedsynihgetdeirctd wasemandfvadigrldd fitemudiits menbr ane
that has a surface area of 3.5 cnR The device has a flowrate of 62.35

CVI m n/diar anEcangleapdci dlyo80 iyl ntlegandssttrenghlatof obi ndiengwaop . 8Dt cm
Conpar ati ve Exanple 3 An aqueous solution was prepared containing 11.6
wt . PAR il recul g e e ibght ¢ £5,1000)udel 8:16: Ware ho@N Isioditum hysr oxi, dessolag i on,
11. 6 sodium chloride, 23.2%of 17.: aqueous sol ution of

epi chl op,0hydrs nagggéég,ed Bl yethylienem ngy oA hydr ijé‘oﬁ%ﬂaﬁntla!'i%e@e”@{t}a%é/“ th
pore size rating 0.65 umwas prewet with nethanol and directly contacted with
the ab ut ion .f ]yt es. Th t .0 ran ced in .

pol yetﬁ@ %@%ﬁ%% ble{lgcrearﬁlé)@t@gl aé)fvvagh\gleage g?ﬁ agaﬁgénp}é 8 fo&%Vlﬁ%ut es
whil e being careful not, 1o d out the nmephrane to initiate the cross|inking
Foncti O O wat ol BHE. AL LEhén Perby it ont EhEOBAG Hnd ool GV 14 r y at
roomtenperature. The dry nenbrane was then placed in an oven at 100C for four
hour st ot let e e s STORERRG SSeadfidon St Thé Lakibr ahe Sast ¥her- t Horoughl y
washed with water, nethanol and hydrochloric acid (1.0 N) and allowed to dry
at roomaEnperladir er iThel henbraneigli depoe wety lwi t hsuwedt ers AR aginghttyaMer
MIlexitc-type syringe de, Tine was manufactured fromthis nenbrane that has a
surf acesariea obalketci vaavdhe ldew cechas alfil ownirat eack,7. 2he CHut Y hairs ESA
capacity 61 ng/m, and strength of binding of 81 nS/cm Exanple 2 (PAA on
hydr ophiddgs URE) is theAnsagueousstSeldi i enonwasipeepargdi cant abmi ng 10-3 . % PAA
(nol ecul ar wei ght 13,000) and 0.3 wt., PEG DCGE (nol ecul ar weight 526). A

hydr ophi i, JEE fmenbrane with pore size rating 0.65 umwas fully wetted with
this solution, and excess |iquid was nipped off. The nenbrane was dried at

room tenperature for_hours, rinsed wth_ copi nmoynt s of water. and dried
hgai . The. elibhe -1 ver e bl Rae 1M1 okerar 8 B 6s 3E ovm e s -
capaci tﬁ’a SO ,r’gg{m,, alnd strength of bi ndi ng of 49 nms/cm

teridls including glass, plastics, ceramics and metals.

Borosilicate glass 1s one example of a suitable glass. It
can be formed as fibers or glass mats.

Various ceramics based on the more conventional silicate
chemistries or more exotic chemistries such as vyttrium,
zirconia, titanium and the like and blends thereof can be used.
They can be formed into fibers, mats, felts, monoliths or

membranes.
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Exampl e 3 (Pol yvinyl am ne on hydrophilic UPE) An aqueous sol ution was
prepared containing 20 w.-(, isopropanol, 7 w.. polyvinyl am ne (Lupamn
9095, BASF Corp., Mount dive, NJ) and 0.5 w. PEG DGE (nol ecul ar wei ght 52
hydrophilic. UFE menbrane with pore size rating 3.65 umwas fully wetted with
this solution, and e ORC liquid was ni pped off. The nenbrane was dried at room
tenperature for 24 hours and rinsed with copious anbunts of water and net hanol
and dried again.. An eight-layer device was manufactured fromthis nmenbrane
that has a stiface &MeR ofS3.53 TP eFheSdedilce hashal f | SWHPAte of T4%. g%

CV/ m n/ bar, BSA capacity 87 ng/m, and strength of binding of 32 nS/cm

Exanpl eohgPorgdyst he oataydr ophobild oWPE) ralladimgm, aduewisseol utlaon Mas
prepared containing 20 wt.* isopropanol, 4 w. polylysine hydrobromn de

(ol ecHrat weieght 130, 06Q+5E0,1000¢, ihtwt ve&iotbi umimadr oxicdediopgohfidratse, 1
w.% Triton X-100, 0.25 wt. PEG DGE (nol ecul ar weight 526), and 0.1 wt.%

pol yvi nyint@deahoéh o estiflastwekbghte30, 600h degrae tofray dtol iyslies D8lje A

hydr ophobi ¢ UPE nmenbrane with pore size rating 0.65 umwas fully wetted with

this solutiom.ang; excess |bquhdswas-nspped obh-wHhenmenphrane was Jdrigd at
roomtenperature for 24 hours and rinsed with copious anounts of water and

nmet hano ie i n. The n id not wet with water and had wei ght
add- on %aebg%}_?d %‘g%%ﬂasg%%qla%ﬁe%m e%ﬁaicgmgéag' manuf actured fromthis nmenbrane that
has a surface area gf 3.%cq}1§ he devi ce hgd fl ow ra%e gf 102.95 CV/ mi n/
bar, BSA capatityrSAChEFM 5 eid ‘st enyt h"6f bi Hdithg® F "33 e/ h Blatpte 5
(PAA on activated Sepharose beads) Aaarose chromatography beads were nodified
with PAR LI EFeF ISepttar ose T63 TG 1RG4 ClicaPEF wer elsespendetP§h Kl
MIli- water, to which was added 10 ml of 10% sol ution of PAT-) (nolecul ar

wei ght 331000)rs ThieopH Walss adjust ed’tormddp Wtthi sddiumlude 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
include celluloses, epoxies, urethanes and the like.

Suitable substrates 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
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hydr oxi de. The beads were gently shaken for 24 hours, carefully rinsed with
wat er and stored wet in refrigerator prior to use. A chromatography colum
was packed with nodified beads (colum height 5.5 cm colum volunme 1.88 i)
and tested. It had BSA capacity 20.6 ng/m and SB 83 nS/cm Conparative
Exanmple 4 ( ctivated Sepharose heads i fied agarose
beads. {7 APl Rbrd iFur  Hero lodi 1t By 5 sat FHGM hehrw U 28 S5t gt 1 on
of GTIVAC at_ pH 11 overni ght. The beads were carefully rinsed with water and
stored Wetl ],erqreq r?@é?‘ét%Fl%?lmBltléeﬁééa Alfehr ont8GPapRy OéolW%%P%ked

wi th nodified beads (colum height. 4.7 cm colum volunme 1.61 nlL) and tested.
|t had !BSf&caplaci tyc8drds, ng/it andrSB 2504 n/igmteExanpbe 6 polyolaveEistanes
with inmobilized FAA from Exanple | were sealed in 8-laver, syringe devices
and t esteld/fiory Midarse r ef lenizdiote, The dat<td Ml dkabd et 2y below show $ihef armgact  of
increasing salt concentration on MW and MILV retention. As seen in the Tabl e,
the MW dtat@a figndthes Fal | Muspangeseabsane (strengthcefylbitrding 20 nBicm show
that the LRV drops with increasi ng conductivity, whereas for the nenbrane of

t he '“W&r@kﬂdcﬁylaﬁ%@h St’fﬁélgtﬂb&fusb' @@kﬂg}:ur%or@é etc%efaec@t/akrbﬁ ohserved,
even at the el evated salt concentrations. In addition, the HCF

remva'sdt?sstrsétgé"ﬁté‘éé?][%¥ %“ yfﬁ%gﬁg& Eﬁ@ﬁg‘* A &5 %gﬁ@é&eq “’d&{‘

quat er nary anmmoni um Sa ur e accor

Conpar ati ve Ex een Tahl e 3. .For the dat n Table 3 the contr ol
vas Capft%V'Q BB Sob AT TaE RHEFShAM WO hd e Stk SeFiigth i Hondi ng

(i.e., approximately 30 nS/cnm). It should be noted that these LRV'S wer e
obt ai netF ki tHoWA i GRIT | Caht 11 osséd BT Prioductd dugtt 8 RBRPSpeci e bitdi ng of
t he nmonocl onal anti bodies to the functionalized nenbrane (i.e., the

ani on- ekactrngdrplopent i estef f ecidamlse repeltiterd tthevpreddctndriom t hé nEmbr ane
surface). TABLE 2A - Virus renoval (X-MiLV) as a function of Salt
Concentgrdd@n: invention, virtually 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 useful
due to 1ts combination of mechanical properties, chemical,
caustic and gamma stability.

The coating polymer forms the adsorptive hydrogel and bears
the chemical groups (binding groups) responsible for attracting
and holding the impurities. Alternatively, the coating polymer
possesses chemical groups that are easily modifiable to
incorporate the binding groups. The coating 1is permeable to
biomolecules so that proteins and other impurities «can be
captured into the depth of the c¢oating, increasing adsorptive

capacity. The preferred coating polymer 1is a polymeric primary
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DEVI CE X-MiLV LRC 50 MM Salt 100 nM

amine. Examples of suitable polymeric primary amines include
polyallylamine, polyvinylamine, polybutylamine, polylysine,

their copolymers with one another and with other polymers, as

well as their respective protonated forms. A coating made from
polyallylamine (and/or its protonated form, for example
polyallylamine hydrochloride (PAH) ) has been found to be
particularly useful. PAA is commercially available (Nitto

Boseki) in a number of molecular weights, usually in the range
from 1,000 to 150,000, and all these can be used for creating a
membrane sorber. PAA and PAH are readily soluble in water. The
pH of agqueous solution of PRA is about 10-12, while that of PAH
is 3-5. PAA and PAH may be used interchangeably, however the pH
of the final solution must be monitored and if necessary
adjusted to the wvalue above 10 so that non-protonated amino
groups are available for reaction with a cross-linker.

The coating typically constitutes at least about 3% of the
total wvolume 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 cross-linkers are difunctional or
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>3.9 .7 Pall >

polyfunctional molecules that react with the coating polymer and
are soluble in the chosen solvent, which is preferably water. A
wide variety of chemical moieties react with primary amines,
most notably epoxides, chloro-, bromo-, and iodoalkanes,
carboxylic acid anhydrides and halides, aldehydes, o, B
unsaturated esters, nitriles, amides, and ketones. A preferred
cross—linker 1is polyethylene glycol diglycidyl ether (PEG-DGE).
It is readily soluble in water, provides fast and efficient
cross—-1linking, and 1s  hydrophilic, neutral, non-toxic and
readily available. The amount of c¢ross-linker wused in the
coating solution is based on the molar ratio of reactive groups
on the polymer and on the cross-linker. The preferred ratio is
in the range from about 10 to about 1,000, more preferred from
about 20 to about 200, most preferred from about 30 to about
100. More cross-linker will hinder the ability of the hydrogel
to swell and will thus reduce the sorptive capacity, while less
cross—linker may result in incomplete cross-linking, 1i.e. leave
some polymer molecules fully soluble.

A surfactant may be used to help spread the polymer

solution uniformly on the entire surface of the supporting

structure. Preferred surfactants are non-ionic, water-soluble,
and alkaline stable. Fluorosurfactants possess a remarkable
ability to lower water surface ftension. These surfactants are

sold under the trade name Zonyl by E.I. du Pont de Nemours and
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Concentration and pH Device NaCl Concentration in 25 nM Tris buffer 50 100
150

Company and are particularly suitable, such as Zonyl FSN and
Zonyl  FSH. Another acceptable c¢lass of surfactants are
octylphenol ethoxylates, sold under the trade name Triton X by
The Dow Chemical Company. Those skilled in the art will
appreciate that other surfactants also may be used. The
concentration of surfactant used 1in the <c¢oating solution 1is
usually the minimum amount needed to lower the solution surface
tension to avoid dewetting. Dewetting is defined as spontaneous
beading up of liquid on the surface after 1initial spreading.
Dewetting is a highly undesirable event during formation of the
membrane sorber, since 1t leads to non-uniform coating and
exposure of the substrate, which sometimes results in non-
wettable product and reduced sorptive capacity. The amount of
surfactant needed can be conveniently determined by measuring
contact angles that a drop of solution makes with a flat surface
made from the same material as the porous skeleton. Dynamic
advancing and receding contact angles are especially
informative, which are measured as the liquid is added to or
withdrawn from the drop of solution, respectively. Dewetting
can be avoided if the solution 1s formulated to have the
receding contact angle of 0°.

A small amount of a hydrophilic polymer that readily
adsorbs on a hydrophobic surface optionally may be added to the

solution as a spreading aid. Polyvinyl alcohol is the preferred
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polymer and can be used in concentrations ranging from about
0.05 wt.% to about b wt.% of total solution volume.

When the supporting porous structure cannot be readily
wetted with the solution of polymer, such as in the case of
hydrophobic microporous membrane, a wetting aid can be added to
the solution. The wetting aid can be any organic solvent
compatible with the coating polymer solution that does not
negatively affect the c¢ross-linking reaction. Typically the
solvent 1is one of the lower aliphatic alcohols, but acetone,
tetrahydrofuran, acetonitrile and other water-miscible solvents
can be used as well. The amount of the added organic solvent is
the minimum needed to effect instant wettability of the porous
substrate with the coating solution. Exemplary wetting aids
include methyl alcohol, ethyl alcohol, and isopropyl alcohol.

Methods of coating can improve the wetting of the web by
the coating solution. The coating solution may be forced into
the web in a controlled manner so as to uniformly saturate the
web and leave no hydrophobic spots or areas. This may be done,
for example by extruding the solution through a slot pressed
against the web, or in close proximity to the web, in order to
force the solution by the applied pressure of extrusion into the
web. Persons skilled 1in the art will be able to determine
conditions of ©pressure, speed and slot geometry needed to

produce a uniform coating.
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A preferred process for forming the coated substrate
comprises the steps of: 1) preparing the solution; 2) applying
the solution on the membrane; removing excess liquid from the
external surfaces of the substrate 3) drying the membrane; 4)
curing the membrane; 5) rinsing and drying of the membrane; 6)
optional annealing of the finished membrane; and 7) optional
acid treatment of the membrane. More specifically, a solution is
prepared that contains a suitable polymer and cross-linker. The
concentrations of these two components determine the thickness
and degree of swelling of the deposited coating, which in turn
define flux through the membrane and its sorptive capacity, as
shown below. The polymer and cross—-linker are dissolved in a
suitable solvent, preferably water. The solution may optionally
contain other ingredients, such as wetting aids, spreading aids,
and a pH adjuster. If a hydrophobic substrate is wused, the
surface tension of solution will have to be low enough in order
to wet it. Aqueous solutions of polymers typically will not wet
hydrophobic microporous membranes, SO an organic solvent
(wetting aid) will have to be added to the solution. To help
spread the coating uniformly on the surface of a hydrophobic
membrane, a surfactant may be added to the solution. Finally,
depending on the chemical nature of the cross-linker, the pH may

need to be raised in order to effect the cross-linking reaction.
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The solution components and typical concentration ranges are

listed in Table 1.

TABLE 1
Component Role Range, wt.=z
Polymeric Hydrogel-forming [3-15
primary amineladsorptive
polymer
Cross-linker [Effects 0.01-2.0
formation of
hydrogel
Surfactant Surfactant for 0-3.0
even coating
Hydrophilic Surface 0-1.0%
polymer hydrophilization
Organic Initial wetting 0-30
solvent of hydrophobic

membrane with
coating solution

Inorganic Raise pH to 0-5.0
bhase effect cross-

linking
Water Solvent Balance

The coating solution is applied on the substrate such as by
submerging the substrate into solution, removing the substrate
from solution, and removing excess of solution from both sides
of the substrate mechanically, for example, using a pair of nip
rolls (Nipped off). The porous substrate whose pores are filled
with solution is subsequently dried. Drying can be carried out
by evaporation at room temperature or can be accelerated by
applying heat (Temperature range of about 40-110°C). After the

coated substrate 1is dried, 1t is held for a period of from
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several hours to several days so that cross-linker can fully
react with the polymer. Cross—-1linking may be optionally
accelerated by applying heat. The substrate 1s subsequently
rinsed with copious amounts of solvent and dried again.
Additional optional process steps include annealing the dried
membrane sorber at an elevated temperature (60-120°C) to adjust
its flow properties and treating it with a strong non-oxidizing
monobasic acid at concentration 0.1M to 1M to protonate the
amino groups present in the coating.

Where the polymer is PAA, converting essentially all amino
groups 1in the polymer into corresponding ammonium salts after
heat treatment of the membrane will help ensure consistency of
the product. Good water wettability 1is important. Since the
base material is very hydrophobic and the hydrophilic coating is
very loosely cross-linked and not covalently attached to the
matrix, some lateral shrinking of the PAA gel will cause the
membrane to become not wettable with water. On the other hand,
if essentially all amino groups of the PARA are converted into
corresponding ammonium salts, the increased volume of the dried
coating, greater retention of water by counter-ions and stronger
affinity for water of the charged polymer will help to make the
membrane more water-wettable. A  strong, non-toxic, non-
oxidizing acid, preferably one that is moncbasic to avoid ionic

cross—linking of PAA, should be used to protonate PAA for this
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purpose. Suitable acids include hydrochloric, hydrobromic,
sulfamic, methansulfonic, trichloroacetic, and trifluorocacetic
acid. Although chloride may be the counter-ion of choice since
it is already present in the sample protein solution, it may not
be practical for a continuous process to use hydrochloric acid
and/or its salt due to the corrosion of steel and the
occupational safety issues involved. A more suitable acid is
thus sulfamic acid (H:N-S0.0OH) is preferred as the protonating
agent for PAA.

A suitable process for protonating the PAA is to submerge
the membrane in a 0.1-0.5 M solution of the protonating acid,
preferably sulfamic acid in water (or a water/alcohol mix to
fully penetrate a poorly wetting membrane), followed by rinsing
and drying. The resulting membrane will bear sulfamate counter-
ions, which may be easily exchanged out by employing a simple
conditioning protocol, such as 0.5M sodium hydroxide followed by
0.5M sodium chloride.

Such acid treatment improves shelf 1life stability of the
membrane, and also results in a significantly higher strength of
binding. Although the present inventors should not be limited
to any particular theory, 1t is believed that when PAA is dried
in the fully protonated (acid-treated) state, 1t assumes a more
extended, “open” morphology that is capable of better

encapsulating BSA and thus will not release it until a higher
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ionic strength 1is reached. A further benefit of acid-treated
membranes 1is Jgreater stability towards dionizing irradiation,
such as gamma irradiation, which 1is an accepted sterilization
procedure for filtration products.

Three critical parameters define a successful membrane
sober product. They are: sorptive capacity, flux, and strength
0of binding. While the strength of binding is to a large extent
determined by the chemical nature of groups presented on the
surface of membrane sorber, capacity and flux are usually a lot
more sensitive to the procedure employed to form the sorptive
layer and the amount of polymer and cross-linker. It is often
observed that for a given combination of supporting skeleton,
purification efficiency (determined by the bed height) and
chemical nature of the membrane sorber, greater flux can
translate into smaller sorptive capacity, and vice versa.

Figures 1A and 1B show typical trends observed for a
membrane sorber prepared according to the present invention.
From these dgraphs, the trade-off between flux and capacity 1is
obvious. It 1s seen that both PAH and cross-linker have a direct
impact on these critical properties of the membrane sorber. To
perform satisfactorily in the application, a good membrane
sorber should possess both high flux and high capacity. Flux of
a membrane sorber can be generally expressed in chromatographic

units, CV/min/bar, where CV 1is Column Volume. The flux of a
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given column volume obviously depends on the column height,
which is usually optimized for efficient separation. In case of
an anion-exchange membrane sorber, efficient column height can
be defined by the minimum height required to effect 99.99%
removal (LRV 4.0) of a negatively charged virus, for example
MMV. This column height was found to be about 0.5 mm for the
membrane sorber in the present invention. For added assurance of
virus clearance, columns of double that height (1 mm) are used
routinely throughout this invention. A desirable flux of a
membrane sorber with such column height would be at least 29
CV/min/bar or Dbetter, more preferably 36.25 CV/min/bar or
better. Achieving the right combination of flux and capacity is
exceptionally difficult. The present inventors have had to go
significantly beyond routine experimentation or concentration
optimization to achieve the outstanding properties of the
membrane sorber. For example, the cross-linker was judiciously
chosen to be a highly flexible, polymeric molecule that proven
very beneficial for high sorptive capacity. Using intermediate
molecular weight of PAA (15,000) has allowed achieving a balance
between flow and capacity. The inorganic base used to adjust pH
was of non-salting-out kind so that a higher concentration of
PARA could be wused to achieve high capacity. The choice of
surfactant was dictated by recognizing the need for a non-ionic,

caustic-stable compound, while the amount of surfactant needed
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was found 1in a separate investigation. For contrast, a PAA
membrane sorber prepared in accordance with pending application
Us 2005/0211615 has flux of Just 7.25 CV/min/bar for 1 mm
column, while the BSA capacity is only about 61 mg/ml.

Another important aspect of this invention 1is the post-
treatment procedure employed after the sorber membrane is cured,
rinsed, and dried. The inventors discovered that treatment of
membrane sorber based on polymeric primary amines with acid
significantly boosts its strength of binding, wettability, and
stability towards ionizing radiation.

A very surprising discovery made by the inventors was that
acid ftreatment significantly increases the strength of binding
of membrane sorber, from about 54-58 mS/cm to 78-82 mS/cm. It
could be hypothesized that when PAA 1is dried in the fully
protonated (acid-treated) state, 1t assumes a more extended,
“open” morphology that i1is capable of better encapsulating BSA
and thus will not release it until a higher ionic strength. This
benefit was unintended and surprising, vyet it is very beneficial
since a higher SB usually translates 1into better removal of
trace impurities.

The permeability of the cross-linked PAA membrane adsorber
was 1mproved by a high-temperature “curing” process. The lightly
cross-linked PAA-gel has the ability to absorb significant

amount water resulting in orders of magnitude increase in 1its
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volume. This effect can cause low permeability. It appears that
this property of the gel is reduced by dehydrating it to such an
extent that 1t reduces the swelling fto an acceptable level,
without compromising the strength of binding and capacity of the
gel. In fact, the curing process 1s capable of tuning the
permeability of the membrane as necessary for the product.
Suitable curing temperatures are about 25-120°C, more preferably
from about 85-100°C; and for about 6 to 72 hours.

Gamma irradiation 1s a widely accepted sterilization
procedure for filtration products. Gamma-sterilizability 1is a
desirable feature of a membrane sorber. The inventors observed a
surprising benefit of acid-treated membrane sorber in the fact
that it had a greater stability towards ionizing irradiation.
Figure 2 demonstrates BSA capacity of membrane sorber samples
(control, not treated with acid) and those converted into
ammonium sulfamates. All of these samples were irradiated with
25 kGy of electron beam to simulate gamma sterilization
conditions. It 1is clear that acid-treated samples maintain their
properties much better than the non-acid treated.

The thus formed anion exchange sorber 1is particularly
useful when placed in a Mab purification chromatography scheme.
For example, cell culture fluid including monoclonal antibodies
can be purified using affinity chromatography, such as a Protein

A or Protein G affinity chromatography, followed by one or more



3.79 /LNab H 22 200 8.5". 30'). Exampl e 7 A 0. 65pm UFE nenbrane was
coated with 9'6 FAA and 0.5% FEGDGE on the pilot coating machi ne. The nenbrane
was extracted and dried at 85C in a convection oven for 10 m nutes. One sanple
was |eft at 85C for 12 hrs and the other was stored at roomtenperature. The

menbr anes were then treated with 5% sulfam.c acid in 5 jsopro al cohol to
Stabi LT THb CORTTRGS THE B Reabi 1115 o 'THE. meEPanbe as Ehbn Hadit ed
using a flux tester. In this test, the tinme taken for 500m of water to pass
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Hg) is neasured. The nmenbrane lots listed in
exchange column for significantly reducing the concentration of

residual host cell proteins, viruses, nucleic acids, endotoxins
and other impurities in the fluid by causing these impurities to
bind to the media under appropriate conditions while allowing
useful, purified product to flow through the exchanger.
Importantly, further purification of the cation exchange
pool (the output from the cation exchange column(s)) using the
instant anion exchange sorber can be accomplished without the
significant dilution of the cation exchange pool that was
conventionally necessary in order to reduce the salt
concentration (and lower conductivity) to enable the host cell
proteins to effectively bind. Indeed, the sorbers of the
present invention have very high binding capacity even at high
salt concentrations and conductivity (e.g., >60 g/L BSA binding
at 200 mM NaCl), and allow for much higher mass loading than
conventional sorbers (e.g., 3 kg/L compared to 0.05 kg/L) under
typical cation exchange pool conditions, see Example 7 below.
The ability to reduce or eliminate dilution of the cation
exchange pool due to the high capacity at high salt

concentrations of the instant sorber is a significant advantage.
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Table 1 were manufactured to denonstrate the inprovenent in perneability as a
result of the curing step. As seen in Table 4, the "non-cured" nenbranes have
significantly higher flowtinme (indicating |ower perneability) than the
"cured" nmenbranes. As seen from Table 5, the curing step can be used to
control the perneability and capacity of the nenbranes as desired. Al the
menbranes had a BSA strength of binding between 60-75nb. Table 4: Conpari son

of flowtines for cured and non-cured nmenbranes Lot hbcuring condi tions Fl ux
0

(s/500n) 020B07°6082111806X6203676087485C U2 ht 981 920367°668082650- L 15€S
020307-6080385C 12hr 106 Table 5: Processing Conditions for Menbrane Adsorber
UPE Lota2™No rPAALLGE INo. hRBlh| sNolt concentration and relatively high pH

(pH's of 7.6 and salt concentrations of 100 mM and 150 mM still
resulted in acceptable removal of virus).

Those skilled in the art will also appreciate that for some
applications, the downstream polishing carried out by the one or
more cation exchange columns may not be necessary, and the
instant anion exchange sorber can be placed downstream of the
affinity column without intermediate cation exchange columns in
between. Analogously, for some applications the instant anion
exchange sorber can be placed downstream of the cation exchange
column with no need for capture (affinity) column preceding it.

The following examples are included herein for the purpose

of illustration and are not intended to limit the invention.

Example 1 (PAA on hydrophobic UPE)

An agueous solution was prepared containing 20 wt.
isopropanol, 9 wt.z PAH (molecular weight 15,000), 3 wt.
lithium hydroxide monohydrate, 2 wt.® Triton X-100, 0.5 wt.
PEG-DGE (molecular weight 526), and 0.2 wt.% polyvinyl alcohol
(molecular weight 30,000, degree of hydrolysis 98%) . A
hydrophobic UPE membrane with pore size rating 0.65 um was fully

wetted with this solution, and excess liquid was nipped off.
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The membrane was dried at room temperature for 24 hours and
rinsed with copiocus amounts of water and methanol and dried
again. The membrane wets readily with water and has weight add-
on of about 25%. An eight-layer Millex®-type syringe device
was manufactured from this membrane that has a surface area of
3.5 cm® and column height 1 mm, The device has a flow rate of
62.35 CV/min/bar, BSA capacity 90 mg/ml, and strength of binding

of 54 mS/cm.

Comparative Example 1 (PAA-GTMAC on hydrophobic UPE)

The modified membrane from Example 1 was further modified
by submerging in 50 wt.% of glycidyltrimethylammonium chloride
(GTMAC) at pH 13 for 24 hours, rinsed with water and dried. An
eight-layer Millex@-type syringe device was manufactured from
this membrane that has a surface area of 3.5 cm’., The device has
a flow rate of 10.15 CV/min/bar, BSA capacity 80 mg/ml, and

strength of binding of 19 mS/cm.

Comparative Example 2 (Sulfamic acid treatment)
The modified membrane from Example 1 was further modified
by submerging in 0.5M solution of sulfamic acid in water for 10
minutes, rinsed with deionized water and dried. An eight-layer
Millex®-type syringe device was manufactured from this membrane

that has a surface area of 3.5 cm? The device has a flow rate
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of 62.35 CV/min/bar, BSA capacity 80 mg/ml, and strength of

binding of 80 mS/cm.

Comparative Example 3

An agueous solution was prepared containing 11.6 wt.® PAH
(molecular weight 75,000), 18.6 wt.% 1.0N sodium hydroxide
solution, 11.6% sodium chloride, 23.2% of 17% agueous solution
of epichlorohydrin-modified polyethylenemine. A hydrophobic UPE
membrane with pore size rating 0.65 um was prewet with methanol
and directly contacted with the about solution for 5 minutes.
The wet membrane was placed in a polyethylene film bag and the
bag was placed in an oven at 85°C for 7 minutes while being
careful not to dry out the membrane to initiate the crosslinking
reaction. The wet membrane was then removed from the bag and
allowed to dry at room temperature. The dry membrane was then
placed in an oven at 100°C for four hours to complete the
crosslinking reaction. The membrane was then thoroughly washed
with water, methanol and hydrochloric acid (1.0 N) and allowed
to dry at room temperature. The membrane did not wet with water.
An eight-layer Millex®-type syringe device was manufactured from
this membrane that has a surface area of 3.5 cm®., The device has
a flow rate of 7.25 CV/min/bar, BSA capacity 61 mg/ml, and

strength of binding of 81 mS/cm.
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Example 2 (PAA on hydrophilic UPE)

An agueous solution was prepared containing 10 wt.% PAA
(molecular weight 15,000) and 0.5 wt.® PEG-DGE (molecular weight
526). A hydrophilic UPE membrane with pore size rating 0.65 um
was fully wetted with this solution, and excess 1ligquid was
nipped off. The membrane was dried at room temperature for 24
hours, rinsed with copious amounts of water and dried again.
The eight-layer device has a flow rate of 62.35 CV/min/bar, BSA

capacity 80 mg/ml, and strength of binding of 4% mS/cm.

Example 3 (Polyvinyl amine on hydrophilic UPE)

An agueous solution was prepared containing 20 wt.
isopropancl, 7 wt.% polyvinyl amine (Lupamin 9095, BASF Corp.,
Mount Olive, NJ) and 0.5 wt.% PEG-DGE (molecular weight 526). A
hydrophilic UPE membrane with pore size rating 0.65 um was fully
wetted with this solution, and excess liquid was nipped off.
The membrane was dried at room temperature for 24 hours and
rinsed with copiocus amounts of water and methanol and dried
again. An eight-layer device was manufactured from this membrane
that has a surface area of 3.5 cm’, The device has a flow rate of
44 .95 CV/min/bar, BSA capacity 87 mg/ml, and strength of binding

of 32 mS/cm.
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Example 4 (Polylysine on hydrophobic UPE)

An agueous solution was prepared containing 20 wt.
isopropancl, 4 wt.® polylysine hydrobromide (molecular weight
30,000-50,000), 4 wt.® lithium hydroxide monohydrate, 1 wt.
Triton X-100, 0.25 wt.® PEG-DGE (molecular weight 526), and 0.1
wt.% polyvinyl alcohol (molecular weight 30,000, degree of
hydrolysis 98%). A hydrophobic UPE membrane with pore size
rating 0.65 um was fully wetted with this solution, and excess
liquid was nipped off. The membrane was dried at room
temperature for 24 hours and rinsed with c¢opious amounts of
water and methanol and dried again. The membrane did not wet
with water and had weight add-on about 9%. An eight-layer
device was manufactured from this membrane that has a surface
area of 3.5 cm®., The device had a flow rate of 102.95 CV/min/

bar, BSA capacity 34 mg/ml, and strength of binding of 32 mS/cm.

Example 5 (PAA on activated Sepharose beads)

Agarose chromatography beads were modified with PAA. 2g of
Epoxy Sepharose 6B (GE Healthcare) were suspended in 8 ml Milli-
O water, to which was added 10 ml of 10% solution of PAA
(molecular weight 3,000). The pH was adjusted to 11 with sodium
hydroxide. The beads were gently shaken for 24 hours, carefully

rinsed with water and stored wet in refrigerator prior to use. A
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chromatography column was packed with modified beads (column
height 5.5 c¢m, column volume 1.88 mL) and tested. It had BSA

capacity 20.6 mg/ml and SB 83 mS/cm.

Comparative Example 4 (PAA-GTMAC on activated Sepharose beads)
PAA-modified agarose beads from Example 5 were further
modified by reacting them with 2% solution of GTMAC at pH 11
overnight. The beads were carefully rinsed with water and stored
wet in refrigerator prior to use. A chromatography column was
packed with modified beads (column height 4.7 cm, column volume
1.61 mL) and tested. It had BSA capacity 87.3 mg/ml and SB 25.4

mS/cm.

Example 6

Membranes with immobilized PAA from Example 1 were sealed
in 8-layer, syringe devices and tested for virus retention. The
data in Table 2 Dbelow show the impact of increasing salt
concentration on MMV and MulLV retention. As seen in the Table,
the MMV data for the Pall Mustang membrane (strength of binding
20 mS/cm) show that the LRV drops with increasing conductivity,
whereas for the membrane of the invention (i.e., high strength
of binding), complete removal 1s observed, even at the elevated

salt concentrations.
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In addition, the HCP removal was significantly better for
the PAA membranes as compared to the quaternary ammonium salt
chemistry (PAA-GTMAC, manufactured according to Comparative
Example 1), as seen in Table 3. For the data in Table 3, the
control was Capto Q beads sold by GE Amersham, which has a
medium strength of bonding (i.e., approximately 30 mS/cm). It
should Dbe noted that these LRV's were obtained without
significant losses of product due to non-specific binding of the
monoclonal antibodies to the functionalized membrane (i.e., the
anion-exchange properties effectively repelled the product from

the membrane surface).

TABLE 2A - Virus removal (X-MuLV) as a function of Salt
Concentration
DEVICE X-MulV LRC

50 mM Salt 100 mM Salt

PAA >3.9 >3.7

Pall >3.9 >3.7
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TABLE 2B - Virus removal (MMV) as a function of Salt

Concentration and pH

Device NaCl Concentration in 25 mM Tris buffer

50 100 150

PH 7.6 | pH 7.1 | pH 7.6 | pH 7.1 | pH 7.6 | pH 8.1

(7.2 (12.2 (12.1 (17.2 (17.0 (16.6

mS/cm) mS/cm) mS/cm) mS/cm) mS/cm) mS/cm)

PAA > 6.2 > 5.3 > 5.3 > 5.5 > 5.5 > 5.4

membrane

sorber

Pall > 6.2 2.1 2.8 0.6 0.9 1.8

Mustang

Q
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TABLE 3 — HCP removal from three different Monoclonal Antibodies

Product Conductivity | HCP Load | Prototype | Capto Q | Quaternary
(Pro. A Pool) (mS/cm) (ng/ml) (PAR from | Removal ammonium
Example (‘@ 30 CV) Removal
1) ('@ 400 CV)
Removal

(@ 400 CV)

4 g/L Mab 1 10.7 420 62% 14% 0%
7 g/L Mab 2 9.7 1800 31% 0% 0%
3.7g/L Mab | 22 200 85% 30% 0%
3

Example 7

A 0.6bum UPE membrane was c¢oated with 9% PAA and 0.5%
PEGDGE on the pilot coating machine. The membrane was extracted
and dried at 85°C in a convection oven for 10 minutes. One
sample was left at 85°C for 12 hrs and the other was stored at
room temperature. The membranes were then treated with 5%
sulfamic acid in 5% isopropyl alcohol to stabilize the coating.
The permeability of the membranes was then measured using a flux
tester. In this test, the time taken for 500ml of water to pass
through a membrane sample (cross sectional area 9.6 sqg.cm.)

under vacuum (27.0” Hg) 1is measured. The membrane lots listed in
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Exanpl e 8 0. 65pm UFE nmenbrane rolls were coated with 9% FAA and 0. 35%
FEGDGE on the pilot coating machi ne. The nenbranes were extracted with water
and nmet hanol and dried on a not air inpingenent dryer at 120C. The rolls were
then subjected to curing at varying tenperatures and tinmes as shown in the

tabl e bﬁboj\év. ghe menbranes_were then treated with 5% Eulfam’c acid in 5%
i sopr opyl” &l cohol’*t5 stabifizetAe cdati &On'ﬁﬁéfaﬁgrn% Bi | 15" 3 “1he" mettbr anes
was neasured using a flux tester as described in the previous exanple. [0082]
As seerP§iiHe bl e bet oWESHHbweti hBS 6HTLRE 6FGEr 6f KSSCan e Bbt%aited by
heating the nenbrane to tenperatures greater than 90C for 12hours or |onger.
| n casetimenbnanesuwiedi | oaebrpeeaedbive t yiohildiernftilow biaesront tdve oder of
100s) are desired, the tenperature can be linmted to bel ow 83C and for snorter
times (alh)catCapy Fvowt ipeern{erg?ind §t8)) & Ham stHOhr@id2HF sn@Qbrandhrs 85C
107.7,147.6

As seen from Table 5, the curing step can be used to

control the permeability and capacity of the membranes as
desired. A1l the membranes had a BSA strength of binding between
60-75ms.

Table 4: Comparison of flow times for cured and non-cured
membranes

Lot No Curing conditions Flux (s/500ml)

020307-60821 - 1180
020307-60821 85C 12hr 96

020307-60803 - 2650
020307-60803 85C 12hr 106

Table 5: Processing Conditions for Membrane Adsorber

UPE Lot No PAA RollNo | Cure Cure Flow

Lot No. temp Time (hr) | Time
(oC) (s/500ml)

UPDP 60821 103A 100 16 58

101006R9

UPDP 60821 103B 90 6 95

101006R9

UPDP 60803 104 90 6 102

101006R6

UPDP 60821 105 90 6 90

101106R5

UPDP 60801 102 90 6 84

101106R5

UPDP 60821 011507- | 90 12 80

101006 1

UPDP 60821 011507- | 95 12 52

101106R5 2




95,63.9 92.9,88.0 90C 95,41 90,39 95C 92.6,79.2

Example 8

0.65um UPE membrane rolls were coated with 9% PAA and 0.35%

PEGDGE on the pilot c¢oating machine. The membranes were

extracted with water and methanol and dried on a hot air

impingement dryer at 120°C. The rolls were then subjected to
curing at varying ftemperatures and times as shown in the table
sulfamic acid in

below. The membranes were then treated with 5%

5% isopropyl alcohol to stabilize the coating. The permeability
of the membranes was measured using a flux tester as described
in the previous example.
[0082]
As seen 1in the table below, flow-times on the order of 50s
can be obtained by heating the membrane to temperatures greater

than 90°C for 12hours or longer. In case membranes with lower

permeability (higher flow times on the order of 100s) are
desired, the temperature can be limited to below 85°C and for
shorter times (<10h).

Cap, Flowtime 8 hrs 10hrs 12hrs 20hrs 24hrs

(mg/ml.s)

85°C 107.7,147.6 95,63.9 92.9,88.0

90°C 95,41 90,39

95°C 92.6,79.2 89.6,50.2 85.8,67.1

100°C 79,39 63,41
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89.6,50.2 85.8,67.1 100C 79,39 63,41 \WWat is Cained is:

What is Claimed is:

1. A porous sorptive media 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 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 attached primary
amine groups, and said crosslinked polymer being obtained
by reaction of a polymer having primary amine groups with
a crosslinker that has no amino acids, wherein said
corsslinked polymer is present in an amount effective to
produce a flow of at least 29 CV/min/bar through 1 mm bed
height of said media, binding capacity of 60 g/L BSA
binding at 200 mM NaCl, when said media are formed or
introduced into a column.

2. The porous sorptive media of c¢laim 1, wherein said
crosslinked polymer is present in an amount effective to
produce a flow of at least 36.25 CV/min/bar through said
media.

3. The porous sorptive media of c¢laim 1, wherein said

substrate comprises a microporous membrane.
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1. A porous scxptive nedia conprising a substrate having a first external side
and a second external side, both sides being porous, and a porous thickness
bet ween them said substrate having a sorptive material substantially covering
the solid matrix of the substrate and said first and second external surfaces,
said scxptiyve nmaterial conprising a crosslinked | ymer  having attached
orimary amitie griupSCIANG SAPATerSes! [Red pof yrer LAl i oBU'AT HEH: by> 7 Shct i on
of a polymer having primary am ne groups with a crosslinker that has no am no
aci ds, wher ei n "SHRF 86T SSTIHKEE 6l eI € present in an amount effective to
produce a flow of at |east 29 CV/ m n/bar through 1 nm bed hei ght of said

medi a, bi nding Tdepacionpusf 60rgli vESAbadi ngfat c200nnmvi NaCGihe e s il nedi a
are formed or introduced into a columm. z. The porous sorptive nedia of claim
1, wherein sai pcdnessifiinkeds pallyrerhvilerpr.esent in an anount effective to
produce a flow of at |east 36.25 CV/m n/bar through said nmedia. . The porous
sorptive nedi a ©fe chaidmuk, whepeifresahddsdbsbEat €160Apri Sesyide fd Lf OpLQUS
menbrane. 4. The porous sorptive nmedia of claim3, wherein said nmenbrane
conprises a polygl&fidte 55 The ROrQUS, AT PhbYe-medla oh glaigp A mherain said
pol yolefin is polyethylene. 6. The porous sorptive nedia of claim1, wherein
sai d substrat eni(%b% Lé| t rahi gh nol ecul ar wei ght pol yet hyl ene nenbrane. 7. The
por ous coated nedi 5t ¢l ai m 1, wherein said crosslinked polynmer conprises

pol yal I yl ami ne or a protonated polyallylamne. . The pqrous sorptive nedia of
O m 17 e eies it Gl SR aMSAEr cOmror Fe8aTa dopor g ot ' Bibg

copol ynmer cont ai ni n% polyallylam ne or a protonated polyallylamne. 9. The
porous sor pti veLfsdld el aP/l 1eRavi HyUantdei ¢ PRdYE 1BivAdirg Scap@ti t y* of
greater than 5 ng/m . 10. The porous sorptive nedia of claim9, wherein said
nucl ei ¢ aci d i ¥ONAnatkd Avlamildy lexchranger conprising a housing, said housing
conprising a columm, said housing containing porous coated nedia for

adsor pti on onmtissi pyprawsubsbrat-eé vekavinagia forfstcexter nal silderand assietond
external side, both sides being porous, and a porous thickness between them

sai d substrate laWdg ras0r pid Mgndmt erbabr sabst apt i abkbylymer or block
copolymer containing polyallylamine or a protonated
polvyallylamine.

9. The porous sorptive media of c¢laim 1, having anucleic
acid binding capacity of greater than 5 mg/ml.

10. The porous sorptive media of c¢laim 9, wherein said
nucleic acid is DNA.

11. An anion exchanger comprising a housing, said housing
comprising a column, said housing containing porous
coated media for adsorption 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 having a sorptive material substantially
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covering the solid matrix of the substrate and said first and second external
surfaces, said sorptive material conprising a crosslinked polyner having
attached primary am ne groups, and said crosslinked pol yner bei ng obtained by
reaction of a polyner having primary am ne groups with a crosslinker that has
no am no acids, wherein said cr.osslinked l.ymer i.s present in an, amount
effective Lo prodidd ® fTow st 4l Hdst: 25 Vmi PB4 it GUSh - rhin bEd hei ght
of said nedia, binding capacity of 60 g/L BSA binding at 200 mM NaCl . 12. The
ani on exchangerr™f EFACRA11E*WRéFeiln SHF 2SEBst ratedi sSARFE frefbit el 213, The
ani on exchanger of claim 11, wherein said crosslinked polyneric primary am ne
pol ymer conpri s@spolsyiald i apf pes binke@r pe dbriseed hphliyal [aftavhesl M2ine et hod
of manufacturing an adsorber nenbrane, conprising providing a substrate having
a first externamisicdegyrantsa secbrechiekterawdl isilde] dootymesi desirbeiglg: pioreolis, and
a porous thickness between them substantially covering said substrate and
said first andrsecendexrerdr@la ffaces witiha Somptdvenmterd aluconpriisi ng a
crosslinked pol yner having attached primry am ne groups, said crosslinked

pol ymer being qptainedibyyeeactiop ofa@ RRJ YARAnRAVERYLRY | MRk Y & Nes Groups
with a crosslinker that has no amno acids; and heating the resulting
substrate to a r.ature of C; rei i ossl.j nked

pol ymer is pr escter%{gjs |elnlq\lakt1é Ogrﬁ)oulr?{r{e(e%ﬂ%%% %%S%%Qp%g\é\%ge%gn%@ gw%of:‘:freactsC %f}eeas ¥ 29

CV/ m n/ bar through 1 nmm bed height of sai L a,. bjndi capacity of 60 cr/L
BSA bl nding. at TO0UHA KhGL" it at o ad: 5 a1 & Hr G bR bducEd eito a
colum. 15. The nethod of claim 14, wherein said tenperature is from950 to
100C. 16. The mERSd offcisiA 18eMfdr t HeEodpr iCSIPFG tteab f ngd he/ Pedtiit i ng
menbrane with acid, and subjecting the acid-treated nmenbrane to ganma

irradi ation. 1Pirthegetthod lofcN&iChh.16, wherein said acid is selected from
the group consisting of hydrochloric, hydrobrom c,

sul f am c, metchansuf fani« t ekchhogoacetti ¢;lanidn t 11 f | vbeoadet isa iaci b8 atkhe

nmet hod of claim 16, wherein said acid is sulfamc acid. 19. The porous
sorptive medi ai¢f cllaimnmkbmpmierei n said substrate conprises a non-woven

mat eri al .

13. The anion exchanger of claim 11, wherein said crosslinked
polymeric primary amine polymer comprises polyallylamine
or a protonated polyallylamine.

14. A method of manufacturing an adsorber membrane,
comprising providing a substrate having a first external
side and a second external side, both sides being porous,
and a porous thickness Dbetween them; substantially
covering said substrate and said first and second
external surfaces with a sorptive material comprising a
crosslinked polymer having attached primary amine groups,
said crosslinked polymer being obtained by reaction of a

polymer having primary amine groups with a crosslinker
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15.

16.

17.

18.

19.

that has no amino acids; and heating the resulting
substrate to a temperature of from 25°C to 120°C, wherein
said «crosslinked polymer 1s present 1in an amount
effective to produce a flow of at least 29 CV/min/bar
through 1 mm bed height of said media, binding capacity
of 60 g/L BSA binding at 200 mM NaCl, when said media are
formed or introduced into a column.

The method of c¢laim 14, wherein said temperature is from
85°C to 100°cC.

The method of c¢laim 14, further comprising treating the
resulting membrane with acid, and subjecting the acid-
treated membrane to gamma irradiation.

The method of claim 16, wherein said acid 1is selected
from the group consisting of hydrochloric, hydrobromic,
sulfamic, methansulfonic, trichlorocacetic, and
trifluorcacetic acid.

The method of c¢laim 16, wherein said acid is sulfamic
acid.

The porous sorptive media of c¢laim 1, wherein said

substrate comprises a non-woven material.
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