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 si onal application serial no. 60/964,653 filed August 14, 2007 and
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that nmedia, and a chromatography schene including the sorber. Absorption
refers to tzﬂ&ilrfg upPbiigattenr bylpérweatiorriito thé body -of Rrabsorptd 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 exterror housing. Strong

anion exchangers, Suehas, | ngss hased an guarkernany. ApTonium,|ons,, ane, used
in dommstrean1proce33|ng as a polishing nmedia for capturing negati Ve y char ged
| ar ge i mp r|t|es uch as zndotOX|ns viruses, .nucleic amds(5 and host cel

pr ot ei H%C? &fe PPEJBAL tn PEAMASYsuchiBESbi of Ogi TATCt I didd 2" 9e
partlcularlysolut|onsofnanufacturedblotherapeutlcs Traditionally, anion
exchang@ @ Havel Betndorfer 683&nd Ed i n ¥Hé bead FGIOMRI-C FoPlek anf &
Sephar ose avail able from GE Heal t hcare Bi o- Sci ences AB. However, throughput

| i mit atironsidfndede: bagedesyst eAbspeqgtiire Fatge svalourre kasloumys afo Tefiftet 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 can. be.goployed.- . However .o dhe use ofnsiml | digppternbeads, comes-af the
price of increased colum pressure drop Cbnsequently, the optinzation of

2¥?.p?.r%L;ed%%”%ﬁ%%%%%?lBOFEpS‘F?Eﬁé‘@%s t 808 eBY 5k il unm Bra<adce df op.
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| ar ge beads. favored
( 9 sorptive mateglal 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,



In contrast, nenbrane-based chromat ographic systens (al so called nmenbrane
sorbers), have the ligands attached directly to the convective nenbrane pores,
thereby elimnating the effects of internal pore diffusion on mass transport.
Additionally, the use of mcroporous nenbrane substrates with a tight nenbrane
pore size distribution c ugyed with effective fIQM/déstrH?ut rs can. mnimze
axi al di%perSioi ahd provitde i for futi ITZALFoR"0f “al | e Bt ©°
Consequent |y, mass transfer rates of menbrane sorber nedia may be an order of
magni t Ude* Griedtistl thanaPhat of*StaHtrt beds- baed ehreratogtdphy SAedi-d
allowing for both high efficiency and high-flux separations. Since single or
even stidtkedemshrbfanestar efvier y:iahiod ccofpaf eeh2 poeol uAle ipabked Wreh GE

bead- based nedi a, reduced pressure drops are found al ong the chromatographic
bed, thisalailowiagBincteasedef| aw.r atéswaner pr oductipFptit ed.inite tneces saf y

bi ndi ng capacity is reached by using nenbranes of sufficient internal surface
area, Yeldingdevisoetennf ilgunaticonsapfeVvey vhar ges dinanet ep tor heighie @t i os
(d/h Properly desi gned nenbrane sorbet's have chromat ographic
efficiengies-d hatp@re-10;- 100 times better than standard preparative

bead- based resins, Consequently, to achieve the sane |evel of separation on a
menbr ane sorher i : Ss ili . I of 1-3
ma are standg}do?%?qﬁ%ﬁ%ﬁaﬁ££%%$Bé€£%?ﬂgbn%gggd%?o%%gﬁEﬁgﬁ§%$§£%ﬁ§q%£%§%cn1for
bead- based systens. Due.to the extre col um aspect ratios required for

2 go- Vo et REnBRARBELOr Bers. ‘GeAee e g T SDBFRt i c4ion SFera e - ihe

i nherent performance advant ages associ ated with nenbrane sorbet's, proper
inlet afPILRTED dPSPFEBEL ofs dréeréditilreds t oY effitsicenty amd-ef Péctiaret y
utilize the avail abl e nmenbrane vol une. Menbr ane sorber technology is ideally
sui t ed forngist abpl Feat¢ahl Curpehtodédarebri albo rremiridne isor.be s, nimowerer
suffer from various drawbacks, including |ow binding strength, difficulty in
renovi nghid r ds€spsendal oxidrsi arecharickedc @oidsui tant1ly Anaeiiane &ordetci s a
hi ghly porous, interconnected nedia that has the ability to renove (ad- and/or

absor b), o £ arpenent $, oknal sohutinenewhesatiBe daat ter dilows,ddr oughe+d:s, pores.
The properties of the nenbrane sorber and its ability to performwell in the

requi r gd, appli cati QﬂaQQp%rl%m%Qetrh%e%Qfso@oﬁééU&%”Eﬁeoiprtilaee media, {skeleton) as
wel |l as on the nature of the surface that 1s exposed to the solution.

Typi cal Ly, the poraus medig s formd £1rst.; {rom.a pol yer, that s does not

di ssol ve or swell 7'n water an 'possessé% accéﬁtable mechiani Ca properties. The
porous nedia is preferably a porous nenbrane sheet nmade by phase. separation
ot hodd Vel 1 Knioh | L ERE 9T 06.C | o SERARDHEN ZenBhCED, PyiRe} AL,
Mcrofiltration and Utrafiltration: Principles and Applications, New York:

Mar cel DekkerianoebeHottow £ béFiandyt dburEl CmerBPases Yar € s#ledd adeeptabl e
skel etons. A separate processing step is usually required to nodify the

ext er nafaorrdaci ald sur flace o aars ute dimrer hlad r porleeald flacesreat) t he forned
porous structure to inpart the necessary adsorptive properties. Since the
menbr ane st riuct ubetirs saf, t enefior aed-1 1 oml a diydnephohiaphiael yeesteanot helrsgur pose
of the surface nodification step is also to nmake the surfaces hydrophilic, or

wat er - wed t e emembrane TB8EBe@X) $t naRUNer of ;apps oachasnta OGN 1the o
external or facial surfaces and the internal pore surfaces of a menbrane.

Those sidld | edntcthecattehld g eadiLy, [ecognize oxaNmalyyrekhods, {NQLYI ng
adsorption, plasma oxidation, in-situ free-radical polynerization, grafting
and coating., The jority. t hese nethods . lead to. for j.Qn of nol.ayer-1ike
T uct oFbo b r il MRF sribs SUPf Sheo T iren Moot 8P e, O AT daa t He g0l  of
making it hydrophilic, yet fail to inpart acceptable adsorptjve praoperties,
for exahit e Ri l%ﬁ%‘é?%/vsf&e%%%séPBEFé?t?ﬁe Eapacit y b ghElefr? st he
amount . (weight) of the adsorbate that can be retained by a given vol une of

t he medi@e As1Fehgias rabntagsorptirortbcérs 6ATeREIHEntlane SwFadeitehe
capacity will be limted by the nenbrane surface area. BY their nature,

m cr oporausuieiit anesx havedi eperssanf acd area lcenparigd riro whirloirve tagrra phly
beads. One way to increase surface area is to reduce pore size, which
obviously leads to significant | osses in flux. For exanple, the maxi num

(noncl ayeC adsorption of protein on a 65 um pol yet hyl ene nenbrane (Entegris
Corp, Billerica MA) is about 20 ng/ M, Tegardl ess of the type of surface
interactions. This is significantly |less than, for exanple, agarose

chr omat ogr aphy beads, with typical capacity about 80 ng/m . The type of
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strength of binding is a key attribute for increasing the renoval of
inpurities, for exanple, host cell proteins. Strength of binding (SP.) is
related to the ionic strength of solutions required to elute the bound
inmpurities. SB of nenbrane sorber (measured in conductivity units, ns/cm is
deternidfﬁ as follomg %g ampunt of ad orbat r§)lj%iongs assed
t hr ought the™ eivbr ae %%r ha 028@9H8n dor Barse 'rr?&iE ] tri‘i1 ane"st

Second, the nenbrane sorber is eluted with increasing gradient of |norgan|c
salt, SUHPHs Bodi anfell &15 ¢ ?ﬁ@eﬁiﬁimﬂﬁQQﬁﬁHﬁﬁi@i?% of &Pari dradolUti on
required to elute off the adsorbate is recorded and defined as the SE of that
menbr arfet Fotdet DByl edsihgonheogbaber sedengt hlébvwbinadifeyg, heddatlivel y
charged inmpurities can be made to bind irreversibly to the nmenbrane sorber

t her ebye Sfignidrncantinyl | hépkasiing thepaembvahs ef fi ciieney. sThip$ei sopardieul arly
inportant for the renoval of weakly bound popul ati ons of host cell proteins
from anstantiihodyesbr gady eavertronal fl oyt eghani enexehangersteypigadd y
contain a quaternary ammonium ligand that is responsible for attracting and

bi ndi ng, hegatd vel ypeharged Lapuritigs, s wWhid eqrepel 1ing HﬁﬁnﬁPSthM§|wj%§arged
product nol ecul es. Conventional w sdomdictates that in order to bind

L mpuri ti¢ ersoﬁétro#tgi\}é‘h b%a%%%f o éql%]t ST ‘itlo%nsqa $hreng.ani 0?188&‘3“99&% Artio? one

t hat has ‘a posi rge ‘a val ue i'sS necessary. The presen

i nvention denonstrates otherw se. The se(% i nventors found that gglyneric
pri mar i Hes: ¥ preter abl %l Pﬁﬁﬁﬁﬁérgoﬁiﬂn% Y'hatPRgCa g i mar y “ani

covalently attached to the fyrrer backbone, nore preferably having a primry
am ne dﬁﬁﬁ%ﬁn@ﬁﬁbéﬁpééhedfté ﬁéCd@PﬁneinE%ER%bnéﬂﬁykéﬁfIéé@?rod@L FigHat i
group, preferably a methyl ene group, bind negatively charged inpurities
except idrialdy stnoaghyasndnshust avervhel ref ediedetkasst of hraveri al st faot
creating the adsorptive hydrogel on the surface of a nenbrane sorber.

Monocl ofddhjant i bodi es continue to gain inportance as therapeutic and

di agnosti c agents. The process of screening hybridoma |libraries for candidate
MABs i s bot hpitdeer consied 1 @ | aloiod A ensdongse NC ey hy b o cptdpli ne

expressing a suitable nP..B is established, a purification nethodology nmust be

devel opeg oproduges uf ol entmAE fror Lur t her ehgeacteLigati ofyerl- o ddaditd onal

met hod for purifying involves wusing Protein or Protein affinity

Chronatqggéﬂx%nﬂfh%ximibased resins. Consequently, to achieve the same
level of separation on a membrane sorber, a bed height 10-fold
less can be utilized. Bed lengths of 1-5 mm are standard for
membrane sorbers, compared to bed heights of 10-30 c¢m for bead-
based systems. Due to the extreme column aspect ratios required
for large-volume membrane sorbers, device design is critical. To
maintain the inherent performance advantages associated with
membrane sorbers, proper inlet and outlet distributors are
required to efficiently and effectively utilize the available

membrane volume. Membrane sorber technology 1is ideally suited

for this application. Current commercial membrane sorbers,
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purified antibody is desalted and exchanged into a biological buffer using
dialysis. The entire process typically requires several days to conplete and
can be particularly onerous if multiple mABs are to be evaluated in parallel.
U S. Patent No. 6,090,288 teaches preparation of am no group containing
chromat.ogr aphy nedi_a for_separati.on of peptides and nucl.eic.  acids. |t is
i Sl odBa Tl RERESRE ToM e e Phtg AL SR ES ee sy ULl BT o i Bt i ns
from weak ani gn exchange |igands vs. strong ones. The inportant structural
f eat ur & 'gfetHe s epal bt F'oht hetit a 8RS ElBed & S5ERat STEP [@Fsfan & b Por® 3 at ons
away froman am no nitrogen there is a hydroxyl group or a primary, secondary
or tertd@ardsam no group". Herein, for exanple, we show that a | oosely
crosslinked coating of pure polyallylamne pol yner does not require any
addi ti onal groupsbtangrenpberhiigher Istglehgt hoobubi nding rafonpreatteidnsuedia
U. S. Pat ent No. 5, 304, 638t eachesusi nga protein separation nmediumthat conprises
a wat ercidxsolndd e A& ri Xpearryi ngoa phkhbaki t yaefF pelyamme grupingsone of
t he exanpl es denonstrates preparing a polyallylam ne surfa-e nodified agarose
chr omat ogr.aphy, gel . fHowever it heni nvient ong, of 15:3Q4, 638,f,ai | i porecognize the
i mportance of using a prinmary am nes vs. secondary and tertiary amnes. No
effort is de i.bed_canc i 0 ol | i oat i;n hi_ck t
optinif%mg%$bt?%%,Sgég%%pgggsgﬁiﬁ%ﬁi%%ﬁéégé%gééggegtgggl?F%.E%ﬁgéﬁghﬂﬁésize
the preferred nu r .of carbon atons between pairs of nitrogen atons as being
ot hoME T 3HE Phey ntBoa e o Rl Co = ue: FaReDY Vil cAfs TR at eq
based on the structure of polvam ne_grouping and pH and has a preferred val ue
of at |TasStcHIZ Ph 66¥ydT¢@}%nﬂﬁé?l?ﬁ@P§ are %e%grﬁéncétoﬁ%ebéﬁﬂé%ﬁ rfefar est
nitrogen atons, and the O function for it would be close to 0.1. u. S
Pat ent MNee BUB4ZcB76tadaches pirepard ngoa Por oaslmenbrane Thatchadyan the
i mobi | i zed pal yam ne coating and could be used to renove viruses from agueous
sol uti gordilee eeatiiangipr eparmadd orf limeswgl vésofi rst grlafmd mg taatadicak amt he
surface of the nmenbrane and then reacting the radical with a pol yam ne
conpoungh. s Iafd | pg edilfi cat i gascar eof tensbapsast meakpdue 1t0 ddaidn i ddier ent
conplexity: they are sensitive to the particular substrate a radical is
grafted,tf,.and-canhe expensivedo d mpkenpnt i npaufactyring envisonpent _
This method al so suffers fromthe structural deficiencies discussed re:
5, 304, 638, ALl three of these.patent 090, 28 304, 638, an
S 547, SIS allTIE0 ectunn 6 "CHET LGNt AN B cant fol "SVsE {he T cRness of
pol yam ne co%%%ng or the de%ree of pol yper, cross-1linkin jthin that coating.
A1 of Tt relly 6o KA cal SFedot Fon of THRE A Net o Ot Gy bt EbHdund i ¢ h o
reactive group that has been covalently imobilized on the surface, either by
graf ti ngloraid Yecttrdnct PEANCLRERe APranyasieRsSpr dbdurerkondlasrel
essentially limted to a nonol ayer-type am ne-contai ning coating. Hi gh
sor pti Vesldapaci Ly 26f. t hesBolgnbr ahiés: canngnl yulbel achireydd aned nereasi ngp t he
surface area, as is the case with agarose chronatography beads. The present
i nvent i oic-deadthies tdhatl dtagls sorpt iseeacapaci pyokssachyevedepy bai [wohungl Jay
relatively thick |ayer of |oosely cross-linked polyneric |ayer on the nmenbrane
surfacesequiadi cald yndififrer eptc appreaehs f r o aldh tihosestagght si nathe qrd or
art. Accordingly, it would be desirable to provide nedia and a
f 1 ow t hi,ough, 2ni 0o, exchargetsi Ba! udinge suehy BOLSy ot Bakwokler Sl ong binding
of inmpurities and that do not suffer fromthe shortcom ngs of the prior art.
Such an .exchanger is particularly useful in the purjificati of monocl onal

% ke & e £

-he e essar memprane

anti bodi'es from C&ll ul?%?gr uéFﬁﬁDa C rohatgjpgﬁhy ene, en pl aced
downstream of an affinity chromatography colum that is optionally foll owed by
one or Tor¥ gyl sﬁ?ngP%tc%bs Learrfed GOt~ @i thY & St o e?@ﬁﬁﬁﬁé' c e S or

exanpl e. SUMVARY CF THE INVENTION The problens of the prior art have
been oGO by It He $r 68EAECENVET | Tol-a Wit h SpeBvi des aredi dandadévides, such
as ani on exchangers including such nedia, wherein the nedia is a nenbrane
havi ng susiadat d1 cbatdd W ¢ /h @ poltyamerwsiuctblas. a pol yal | yl ami ne. The resulting
menbrane surprisingly offers stronger binding of protein inpurities and
superior renoval of host call proteins from biological sanples than
conventional |igands based on quaternagy anmoni um sal ts, including

trimet hyl anmoni um | i gands.



Described is a nmethod to significantly increase the sorptive capacity of

m cr oporous nenbranes. Instead of nodifying the surface of the nenbrane in a
no ol ayer-1like fashion, the entire external and internal pore surfaces are
coated with a | oosely cross-1linked hydrogel. The wet (swollen) thickness of

t his hydrog i s about,k 50-100 nu m?ich iS._S ffig@ent to_accommodat e several

| ayers of proteih mofetules ™ his, Of heéPRASGrpEitve  Tabadity &f'<a Tt Cropor ous
menbrane i s boosted from about 20 ng/m to 80-100 ng/m . The type of

i nt er actl o3t 1 vi'ngt ¢ heS adRor ptfonlFsTHeti Red by the cSpe i’ it HpPtiTati on in
whi ch a gi ven nenbrane sorber product is used. Currently, there is a need for
a hi gh-Bapzei tykihigh- aftf i ity sorbervihlat reamdvies viguseEst zquct edie lagi s,
endot oxi ns, and host cell proteins (HCPs) from biol ogi cal sanples such as

sol ut i onstlofdonacidrahngantiibodpesof MABs)asie nombelmtabbnghemeal tnoi etées bear
a positive charge in an aqueous solution, including primry, secondary, and
terti aryacnidies poasmeelilz ads ogyat graes ynamenl usbsaltg., The arknesiaye of
positively charged at pH below 11, while the ammonium salts bear the positive
charge gte &l InPHI089 these t9r oups are,cal ted weak andi$ikLong @nien exchangers
respectively. The present inventors discovered that polyneric primry am nes,
preferagly aliphatl c.ROLYTEr s, havingog. primary amne cavalentiy aftached to

t he pol yner backbone; nore ' preféera Py havi ng a primary amne co alentiv
attached to the pol ymer backboneat |east, one aliphatic group, eferably a
et hyl difel rbub: " RHACRBGLE Fv ol toHet adt mUEPE Cod “brbearionddy S ary 5 and
thus are the preferred class of nmaterials for creating the adsorptive hvdrogel
on t he BRFACE B a tREnmbPamBP $or Berdl  caPacpfgo Hescrh daﬁéoébégﬁonéWBbraphy
schenme and nmethod for purifying nonoclonal antibodies, wherein the anion
exchangesorber is ¢ hcedd downsheeampoftan wafibibni t v fcdhamrdsudintas Pratein A
or Protein Gaffinity colum) and optionally one or nore polishing devices
such ascaxatbeniretexechange col gimsp obljmust od ¢atd ome@kchahge lcabums dInl vi ew
of the nature of the nedia in the anion exchange sorber described, little or
no di | Wdohrefidhecgattonoaxehangempeole (ofreddd ni tyecebpaniexchange pool
where no cation exchanger is used) is necessary to | ower the conductivity of
the sample egause { heopr asant: SOLbet fedia caoperate akifigher,danic
strengths. The sorber functions well to strongly bind host cell proteins and
ot her ne ivel y charged i rigi i n_biological samles even at

conducts U168 Lbbr ok wY T MY im  GRACat Peraffoel irrgh pHELTE R

di scussed earlier, relatively high device perneability is achi eved.w thout
sacri { I GTHY i ) CaPaeity. DURAUSE Tof Lt he ORVER | VAEFREW 0T dhe tferlbt ane
sorber conpared to the diffusive flow of bead-based sorbers. BRI EF

DESCRI PTRHON OPTHE DRAW NESich obvigpghve lA2P§ &Ogredph 16 ARdtterl 956 ait BSA
capacity of 1 ram menbrane sorber colums prepared from PAH cross-1linked with
0. 5F PEGWDGE;For exampyar etlh2. mhgiaugr dplnofl awatrer afdsuxrandrBSA capacdity of 1
nmm nmenbr ane sorber colums prepared fromwith 9 wt. PAR cross-linked with

PEG DGEin ando . 65 umFpguryetRyisna geaphaat ESAteapdc tyref & imEmriane Morber in
the free base formand the sulfamate ion formin the accelerated shelf life
test. is about 20 mg/ml, regardless of the type of surface

interactions. This 1s significantly less than, for example,
agarose chromatography beads, with typical capacity about 80

mg/ml.



DETAI LED DESCRI PTI ON OF SPECI FI C EMBODI MENTS The present invention
relates to a porous chromatographic or sorptive nmedia having a porous,

pol ymeric coating formed on a porous, self-supporting substrate, to anionic
exchangers including such nmedia, to purification schenes including the sorber,
and to nmethods of purification. The nedia is particularly suited for the
robust renoval of |owlevel inpurities from manufactured hiotherapeutics, such
as nonocl onal antibodies, in manner that integrates well into existing

downst r eam pUts f F¥aEi 8h processes: Tyiical Ahpurt + 76391 hEPudé!SONR Y eRdotDxi n,
HOP and viruses. The nedia functions well at high salt concentration and high
conductdsafineq hbgh tdfsf | apey)} fief faeetliivelty onenbyi il l¢lr usegieean nmderarsuch
conditions. H gh binding capacity without sacrificing device perneability is
achi eveththteedrodependisngisenl .t heacoatt g, ptbpeet iies prockeitedoby at Hel gtet hods
descri bed herein, nucleic acid binding capacities of greater than about 3

mg/ M, @pHreater Hingh s40WHi 26 reer OEhgreatenotrhan aboute 3p5- 4 dmfid , may
be achi eved. The anobunt of the anion exchange scxber is nmuch |ess than that

for comparabl e. beadsbased process: skneephargendi |l utipans it he sanpl g pei ng
| oaded on the sorber nedia are no | onger necessary. The porous substrate
a

has t |.at iLth ' - I ¢ t th
Cubst 1 ot oK S RER [ RAVE 5C1 of A oot oM SuFFBbe Gt a FITat At & Second

f . Th 1l t d "sides." | fluid wll | f
o e TORRS 2RI sl ot o R gt th Betins | hab v’ &M One

(surface).For hollow fibers and tubul ar _nenbranes, there is an inside and an
out si d&EFUrF de RIEl BEpr ot eedscf FERPFRASSILHsFae T E6% WE1dGt ditde Midr Wilde Rrer sa,

dependi ng on design and use.
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



The thi ckness di nensi on between the two surfaces is porous. This porous region
has a surface area associated with the pores. In order to prevent confusion
related to the terns "surface", "surfaces", o "surface area,” or simlar
usages, the inventors will refer to the geonetric surfaces as external or

faci al surfac or. as .Si The sur ace area ociated with the wi ||
bo r ot TR T ad T nEenia hor or dus ‘e t abboapans . BofY Httatfad oty
conprises the pores, which are enpty space, and the solid matrix or skeleton
whi ch meREs’adp t Aé pﬁﬂﬂ%ﬁ% Cigifbodi Aeht ﬁ%@@&%%rra@OS?orce%éwmﬁgoﬁﬁﬂ%ﬁ
non-woven web, the randomy oriented fibers nake up the matrix and give the
web it sSfammath nopollyimeting crl6por ous Wedbirades;o t heephiasel separanedhpol ymer
provi des the matri x. Herein, the inventors discuss coating or covering the

sur f acesafutihemsreck @i hed | nveatots teanbbynthiispiimat: ikle i9®t erfhalerdnchrext er nal
surfaces are coated so as to not conpletely block the pores, that is, to
retain &1 9gni {heastrpaopar doomueft ithe ystunict 4y emf prmconvectdtvenfinew 44
particular, for the internal surface area, coating or covering neans that the

matrix #$) coal edporseover edy, 1 eayipgna sifgniddcandcpropention afs thesnores
open. Absorptron refers to taking up of matter by perneation into the

body Ofl%ﬁﬂﬁ%ﬁOQ§$lv%@ r|aI O@gggrpglon nge%asggb genggﬁdgf gglaﬁy es
fronratb ase onto the surface of an a sorptive orptlon isS a
general_ termthat cl udes _bot h adsor tion and absorption ly,

Tor ot VR 1 APOGPEor pt Sn s ceh el B [ddiior SATRE T a or bat SHetbr o a
material or device that both ad- and absorbs. The porous substrate acts
as a sdﬁﬁ&ﬁﬁ%&?%k@¥%@bﬁn?opftH@Oéﬁﬁﬁﬂﬁliﬁﬁ%wdr%@%laSTﬁ@dém&HQQ&%¥%%%uld be
anenabl e to handling and manufacturing into a robust and integral device. The
pore stthetuteishoulchnpiuovilde thoroinefotarfl gw lditsitari botirehredi gh f4luxte and
hi gh surface area. The substrate nay be a fiber, a sheet such as a woven

fabri c,ofaf nahewovery riaatat isa fetdrdsd a ameimbdanenc®r efser abky,SH hefsulisttrate i s
a sheet formed of a woven or non-woven fabric or a nmenbrane. Fi bers may
be of ammdengt hsodhanet enyandhdmysdehothonserpsel kdrethey are woidhonded
toaether as a substrate (although they may be fornmed into an unitary structure

af ter %A%épﬁ of atheqcaating) hut are b@d'nya!déua{od',b%%etlemeélﬁéﬁél%l They
may be in the formof a continuous |ength such as thread or nonofil anent of

|ndetern1n E¥%bﬁngg [ thegbgpy Qelgg&gedwgnkgfﬁg Eegh %aéy:ggan%uﬁ?ers made

by chopplng rous material s such ' as en or wov CS ing the

continuous | eng iber into i d vi dual pi rmed b crys alline growth
ot hod Pt e 1 eney Rortbert T b s e it TBNF BaSTanbat s Tkie

directly fromseparate fibers bonded together by entangling fiber or

fil amentIotder fral My ad YeHetal PyPuTypireaf! ¢ doniovenlt abriod erasuf aictiur er s
supply media having from1l to 500 mcron nean flow pore (MET) ratings. For
non- wovaen drabrliaosy tthesgor ous structure is the entangled fibers, and porosity
refers to the tortuous spaces between and anong the fibers. Porosity has a
simlar nearicwgrdroridredl ed flabridscoyipr efaried nonatovernis byt kriewudenber g
Nonwovens NA of Lowell, Mass, and is type F02463. Wven fabrics are

produceg,hys the i n&r@ét@ﬁhé‘ﬁyo‘can%rﬁdm bergaand weft fiidbersshpnairegul adr
pattern or weave style that is at sone predefined angle to each other.

Typi cal t at t.,9 ]g%gf &es t p.

Q her céoer/rtr’r}o yﬂﬁésedilgorrglbes |%§? ge@%auflag(_{rjle ngct mte Ht?po&%%gl%S' gglé{v% 75
degr ees, Thetﬂabric elrnte rrE l|s narnta ned y the qgch@nrcal |nte#Iock|ng
of the:? ers ‘tause y the avrng 5roce§s pe (?ﬁe a |I|ty Gbric to
conformto a conplex surfac(% surface snnothness and stablllt of a fabric
are corﬁarbrq%w%rp%%awrﬁgoay He- dleave TREYI € sGERAs Bt aPAnct WU KEt G,
basket weave, leno, etc. In this case, the substrate porosity is the space
bet weers tH&'Fihers sharPs 6ftaTReds Ofor tuoBsr pag ureion exchpRgesubst rate al so
may be formed froma variety of materials including glass, plastics, ceramcs
and netals. that haBoroosids tlates ghhssges adnerlexapipl gadfica, suist abl e glass. |t
can be forned as fibers or glass mats.



Various ceram cs based on the nore conventional silicate chem stries or nore
exotic chem stries such as yttrium zirconia, titaniumand the |ike and bl ends
t hereof can be used. They can be formed into fibers, mats, felts, nonoliths or
menbr anes. Metal s such as stainless steel, nickel, copper, iron or

ot her netic netals. and alloys al l.adium t sten, platinum and the |like
maybe nede (AT Ui | e AT 1 ber & AR Sh aheuls, dFbont
structures, such as sintered stainless steel or nickel filters, woven Screens
and non-MEVErP It sTOTRBr i ¢&3dnd e ¥eeshich BE18eanl €84 $feel MgoierabPly  The
preferred substrate is nade fromsynthetic or natural polyneric materials.
Ther nopt aisthials areo Bvigges ulhadlagsaobrpobyvessifer adiiad aidd.y Fidrampicastd cs
include but are not Iimted to polyol efins Such as pol yet hyl enes, i ncl udi ng
ul t r ahi tgleobedyharweb ghklpohy et mdenesrpdeypbapyllemesng sheaphédary amine

pol yet hyl ene/ pol ypropyl ene fi bers, FIDE, polvsulfone,

pol yet hetsul £1011es, pelyanhyldsut phones, peliypkenybsukhenes,by at least one
pol yvi nyl chl ori des, pol yest er ssuchaspol yet hyl ene terepht hal ate, pblybutyl ene

t er ephthal gt e-and t-hepl i kee Rl yan) des nAaciMleatesySUeh agind negativel
pbl ymet hyl nmet haci yl ate, styrenic polyners and nlx%ures of the above. Cl%er

synt heti,c ri i.ncl ude 0ses, , .epoxi et es t like
Suitabfggﬂgg%fafééﬁﬁ%?%ﬁ%%ié%%%%%%ﬁ% %%%faf?%%ﬁﬁ%ﬁéréﬂgg, %ﬁggit 6%e'%&%h por e
sizes from abou O.i to abaut 10 um Subs%rate natgrial %in be drophilic or
hydr opHobi &> " BxanpfesSof  fydr JEHi 5 Subst vat e “hat&r 4l s fiirel utieS Bt At e not
limted to, polysaccharides and pol yam des, as well as surface (MIIlipore

Cor por dtVE I8t 1Ierita MYLE@mT s Wt pHoBi < -

Monoclonal antibodies continue to gain importance as
therapeutic and diagnostic agents. The process of screening
hybridoma libraries for candidate mABs is both ftime consuming
and labor intensive. Once a hybridoma c¢ell 1line expressing a
suitable mAB is established, a purification methodology must be
developed to produce sufficient mAR for further
characterization. A traditional method for purifying involves
using Protein A or Protein G affinity chromatography. The
purified antibody is desalted and exchanged into a biological
buffer using dialysis. The entire process typically requires
several days to complete and can be particularly onerous if
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



material include, but are not limted to, polyolefins, polyvinylidene
fluoride, polytetafluoroethylene, polysulfones, pol\Rarbonates, polyesters,
pol yacryl ates, and pol ynet hacryl ates. The porous structure is created fromthe
substrate material by any nmethod known to those skilled in the art, such as
sol uti on phase inveri%gn, ReFEerat#re-induced %hase separati.on, air casting,
track- etthi'ng S§EF &t citiingS T8 ntBr i%g, PTaset ! dr it Fing %t c A BeRadse bt The

uni versal nature of the present invention, virtually any available nmethod to
creat e ‘2 PUtOUS St rct e PReSui TaBI éPOF tARki (g Tihe USGPpdrEithg Sskidl tith for

t he menbrane sorber. A substrate material made from ul trahi gh nol ecul ar wei ght
pol yet Matere thiag beedlfouhids ¢ boded usef uthatie “ed i & s ddoribingst i oA of AEchani cal
properties, chem cal, caustic and gamma stability. The coating pol ynmer
forms tdenadsorgt i #eothyan oageho andtbeges thereheémi eahygroups (dhiongi rge gr oups)
responsi ble for attracting and holding the inpurities. Alternatively, the
coati NghPalyEr POSSEESeS, chem cad rgroups dniato areregsi]y nmodidfdabl e tor

i ncorporate the binding groups. The coating is perneable to bionol ecul es so

that protejns. and.cot ber, i npuli ties16a88-pe capiaued,idd o the idept hrofthe

coating, increasing adsorptive capacity. The preferred coating polyner is a

pol ynerjic..  pbri . am o] ui e_p rj rinary 1.nes, i ncl ude
Dbl vl 151 S T TEi i my T e he S St1 Bt yF A Be, 261 sy S ne  Tnel s Wanai Ymer s
wi th one anot her, and with ot her | yners, an well as their respective

pr ot onadt &d"¢ 't ﬁ%l.g rcosa%%g%ad%{)ﬁ?%{gﬁbq ﬁfl%%ﬁﬁmand/ or its protonated
formfor exanple pbl¥allylanine hydr ochl ori de( PAH) ) has been found to be
particul arl ¥ usef uF2TPAA | sNeonmer cildl 19 Saval Fables ( Nt Boseki JPiH A thunber
of nol ecul ar weights, usually in the range from 1,000 to 150, 000, and al

t hese cardetusad foedeneat ithgta nmerrainee sor ber WakAK-and oRPAMLler e maadizt y
soluble in water. The pH of aqueous solution of Pk is about 10-12, while that
of PAR dariB¢ribhg FAY anda PAM nay pelusednentepchangeabloype haowenrer d:hengHof the
final solution nust be nonitored and if necessary adjusted to the val ue above
10 so td@afomon-4rol bpadedr 2y ne geoyRs 18N enavai |sablre deomdgatitd DM tdsa
cross-1linker. The coating typically constitutes at | east about - of the

total valune . the coated sybsirate, rpeefgrabhy Lrom abouty %t o ahoyt, 10%
of the total volune of the substrate. In certain enbodinents, the coating

covers th ubstrate in ubstantially uniform.thickness. Suitab

Ehi cknesead ange 67 HPSCSoAt no Fr ot ABodt PLO Rt o Aot B0 f.CIIEEY A
cross-lin e% reacts wi th the pol r to make the latter i.nsoluble in water and
thus helt ohef heakir FACESGT e SHBRBFt g 'Kl ePbn eaGEt AT e CHOSSHH ker s
are difunctional or polyfunctional nolecules that react with the coating

pol ynerc@Hdr A el 5ol ubPet imd t heh ehbsens sofvenPPtWRiLER | $OpPéfierabl yYinatler . wi de
variety of chem cal noieties react with prinmary am nes, npst notably

epoxi des; @t oirto: |, ' preonpcoahdngodbdakkangspidarboxyl i Chagi d canthadriidesande

hal i des, al dehydes, a, - unsaturated esters, nitriles, am des, and ketones. A

pr ef er rieck tF0sst | hunkesr | S£ pohyebthyheagsgbycakedi ghyeisdylt etiheroPEGHXEE) . |t
is readily soluble in water, provides fast and efficient cross-linking, and is
hydrophid i 6o iRguUbLBR] mdien- texh Cc 3and H=8adihiyr &vaid ahhe epfhe iamauntuftion
cross-linker used in the coating solution is based on the nolar ratio of
reactive groups, on st he, polyerqand, on, t he, cress- Lipker, Ihe preferrad ratio is
in the range fromabout 10 to about 1,000, nore preferred fromabout 20 to
about 200, most preferred from about 30 to about 100. re.cross-link wil |

i nder TREIR | B obHt by AT B! 1o Sl Te agd e P i Heduge i St pti ve
capacity, while less cross-linker may result in inc.onplete cross-1|inking,

i.e. | é%Qﬂe‘/%]o]rﬁéladH%ﬁmr HoFetul 8$Sf uily Soilupte. atoms — between  nearest

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



A surfactant may be used to help spread the polyner solution uniformy on the
entire surface of the supporting structure.Preferred surfactants are
non-ioni c, water-soluble, and al kali ne stable. Fl uorosurfactants possess a
remar kabl e ability to | ower water surface tension. These surfactants are sold
under the tr n zZonyl by E. L.,_-du_Pont de, Nemours and Conpany and are
particularlﬁ?gﬁitggg%snguc Cas %o%év’é%ﬁ a%ﬁafgﬁﬁl FSSFATGt Her “acdeptabi e

cl ass of surfactants are octyl phenol ethozy] ates, sold under the trade nanme
Trit on BEHRF ofHe Bow- Cheri cal E8Hpany. b seC Sk e Frat heYarfdwiqdu lappieci at e
that other surfactants al so nmay be used. The concentration of surfactant used
in the woadi Ny solandoh isiusied | yPidie mdigaim arbuhitt deded'io |overinhe
solution surface tension to avoid dewetting. Dewetting is defined as

spont anecysaeadimginpo dfed i quird tonyrialfe iswgr faaceadic®r oni tthal ssprieadi ngt
Dewetting is a highly undesirable event during formation of the nenbrane

sor ber,tisd Ngenibtralheadsnio #1os urichermneoat hBg andh €xXposure of thel wibisid at e,
whi ch sonetinmes results in non-wettabl e product and reduced sorptive capacity.

The amunt, Qfnsur bagtant, jnegdedr can: per conveni gpt Ly defaramned, by yreasur i ng
contact angles that a drop of solution makes with a flat surface nade fromthe

same malierdal; as.1he. p%?@rﬁﬁ%ﬁéggt %&ﬁywé}aéﬁ SeRdyangl ng ang r epcaerdéigéét}lcaorm act

angl es are ‘espécially I'n irch 'are nmeasured as the I1qui S ‘added
to or mﬁthq{awp fron1tHe dﬁop. of %§§ut'on, resggctivelﬁ. Dewettina can be
avoi ded® P15 tHe Solfut 1 8 Fa1f of fulHed Fo hdve the rétedPhig TORTAEt "angi® of
0. , smal | anmobunt of a hydrophilic 0I¥ner that readily adsorbs on a
hydr ophidBi (e atle BPETOREF 1Y Hay chE. AAHBA o Lhe SsEEHIO6h HS S Sprieddi ng
aid. Polyvinyl alcohol is the preferred
from the structural deficiencies discussed re: 5,304,638.
All three of these patents, 6,090,288, 5,304, 638, and
5,547,576, fail to recognize the importance of control over the
thickness of polyamine coating or the degree of polymer cross-
linking within that coating. All of them rely on chemical
reaction of an amine-containing compound with a reactive 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 1s achieved by building a relatively

thick layer of loosely cross-linked polymeric layer on the

10



pol ymer and can be used in concentrations ranging fromabout 0.05 w. to about
5 wt. of total solution vol une. When t he suppcxting porous structure
cannot be readily wetted with the solution of polynmer, such as in the case of
hydr ophobi ¢ m croporous nenbrane, a wetting aid can be added to the sol ution.
The wetti ai d can_be any oraani ¢ .sol y conpatible wth the atin ol ymer
ol ut | P oS aE ROre heyal il 4Tt G AT oSROF T Ak ng =Bt ort LoRbT cal 1y
the solvent is one of the |lower aliphatic al cohols, but acetone,

t et r ahy'dft'6fltir af? Heetioni®rid%e" and other water-niscible solvents can be used as
wel | . The anmount of the added oraanic solvent is the m ni mrum needed to effect

i nst ant wet tAabididinofy t het perods! substieat eal ¢h ticheowatdsgrnedl at isonl. a

Exenpl ary wetting aids include nethyl al cohol, ethyl alcohol, and isopropyl

al coholflow-thrdvetthodsioh ceathagyean innpronecd heunet tieng eof thetwebf fyr t he
coating solution. The coating solution my be forced into the web in a
controldethimnpendsagasot oikpul-otaky satur ahett hes webtand: i ®ave rRenhyidiophobi c
spots or areas. This nay be done, for exanple by extruding the solution

thr oughsia, sl @y P gssed ragainst %P?o%Ebaﬂy.i” clsgse proxi mtynbaqthe web, in

order to force the solution by the applied pressure of extrusion'into the web.

Per sons_ski | in,t N e L e. erm condi ti-o f essur e,
j%%%% %ﬁ%%é}k %E%fﬁf bk k?g B%Q %1E8tQ%E. T'H%Q%%¥§%illgﬁéabé§1e§

e
speed ry needed roduce a uniformtc preferred

f f i h t . bstr at i th t fiol i
(At PR VST IRE MRS F e Rt By M O

fromthe external surfaces of the substrate 3) drying the nenbrane; 4) curing
t he nembrie! SPWRFREFAY add ¥t yRAGLIBE T¥hE TR &t 2RDY opt i ohal tarfteald ng of
the finished nmenbrane; and 7) optional acid treatnment of the nenbrane. Mre
speci ficalignalal sofat L oneils bpr epar edrt hatrec amt bl Hisi ey sabeabl eaypoliyderownd
cross-linker. The concentrations of these two conponents determ ne the

t hi cknesistlamnd degree ofctsavetd | aglwodn t hesepositied. coating, which in turn
define flux through the nmenbrane and its scxptive capacity, as shown bel ow.
The pol yner and cross-linker are dissolved in a suitable solvent, preferably
wat er. The solution may optionally contain other ingredients, such as wetting

ai ds, spreading aids, and aspladiusteryr! fnadrRydrephobi c substrate is used,
the surface tension of soluttTom wit have to be fow enough in order to wet it.

Aqueous sol uf,i 0 - Lvne: s pically wll no t _hydrophobi c m cr.gporous
menbr anes, g%“%npggééﬁﬁg SO vgh% éﬁg¥P¥n8r5i&fvéfrﬁeﬁgvéyggf(gmidggdiiéathe

solution. To hel.p spread the coating unjformy on the surface of a hydrophobic
orbr o S AREE R iy BaY Sl o Setie oS ROy deBaREY i o t ho

chem cal nature of the cross-linker, the pH may need to be raised in order to
ef f ect 3ThPTer 68SLRNARF Ag Fedctd oy Thehsélagtidon Coppohent&cadeedypi éal 2

concentration ranges are listed in Table 1. TABLE 1 Conponent Rol e Range, w..
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.
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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 Hydrophilic polymer Surface hvdrophilization

Described is a method to significantly increase the
sorptive capacity of microporous membranes. Instead of
modifying the surface of the membrane in a monolayer-like
fashion, the entire external and internal pore surfaces are
coated with a loosely cross-linked hydrogel. The wet (swollen)
thickness of this hydrogel is about 50-100 nm, which is
sufficient to accommodate several layers of protein molecules.
Thus, the adsorptive capacity of a microporous membrane 1is
boosted from about 20 mg/ml to 80-100 mg/ml. The type of
interactions driving the adsorption is defined by the specific
application in which a given membrane sorber product is used.
Currently, there is a need for a high-capacity, high-affinity
sorber that removes viruses, nucleic acids, endotoxins, and host
cell proteins (HCPs) from biological samples such as solutions
of monoclonal antibodies (MABs). 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



0-1.01 Oganic solvent Initial wetting of hvdrophobic nenbrane with coating
solution 0-30 Inorganic base Raise pHto effect cross-linking 0-5.0 Water
Sol vent Bal ance The coating solution is applied on the substrate such
as by submerging the substrate into solution, renoving the substrate from

sol utian nd .renmovyi ng_excess of solution fromboth sides of .th ubstrate
mochani il 15 21 bF ORANBCe, 2dTrig harPIBF rip =T ohT LY (R pBEaorf 1o THE por ous
substrate whose pores are filled with solutjon is subsequently dried. Drying
can be RAYFIYd BatByrevapordti 6R%at PH6m & erpetatUr 8T 8FP caR5d SaékelVerdat ed by

appl ying heat (Tenperature range of about 40-110C) After the coated substrate
is drietethtlgrse hel drfoow,a pebilod of heeptively 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.



several hours to several days so that cross-linker can fully react with the
pol ymer. Cross-linking may be optionally accel erated by applying heat. The
substrate is subsequently rinsed with copious anounts of solvent and dried
agai n. Additional optional process steps include annealing the dried nenbrane
sorber at an elevated tenperature (60-120C) to adjust its flow properties and
treating it with a strong non-oxidi zi ng nonobasi c acid at concentration 0. 1M
to 11 to prctonate the am no groups cresent in the coat i ng. Where the
pol ymer is PAA, conver tihg-ledSeritidl a9 amindHrolipse i n the pol ymer into
correspondi ng ammoni um sal ts after heat treatment of the menbrane wil | hel p
ensure consilst®ncy bi ihea prodpit of Goedewater=wertabichi tprias lityporit antmm Si nce
the base material is very hydrophobic and the hydrophilic coating is very

| oosel ynaloss:d | fkede ando hotnsoprépatky dtrbacked tcodstee Inmtkeidk ,wisdmed | at er al
shrinking of the F.A_ gel wll| cause the nenbrane to becone not wettable with
wat er. @ttvez ot her hand, if essentially all amino groups of the FAA are
converted into correspondlng anmoni um salts, the increased volune of the dried

coating, WQ%%&&%@%éQD@%M@&E@%&P%&%eMW%@W%%H&N&%@WHMtYfm
wat er of the arged polyner will help to nake the nenbrane nore

wat er to f Yy one that
is nnng%%%%g %)%%éﬁ%ﬁﬁéﬁﬂ%ﬁgﬁ(ﬁégqlﬁ%fng'%ﬁqkéhgqa%&% uﬁ%ﬁﬁe%%%g% to
protonate PA A . for ur e. Sui tabl e acids include hydrochloric,
hydrobr ]%(T§Ewﬂbﬁﬁ%?l%§£ éﬁgﬁlfonlc trichloroacetic, and trifluoroacetic
acid. Although chloride may be the counter-ion of ch0|ce since it is already
present in thesEhpt el prot@iFsauthih, CIR2TEYY ot ErPractitalo it all
continuous process to use hydrochloric acid and/or its salt due to the

cor r osi'dre of rest dedsanidb tihealot cupatd ohansaf etgn | szuesin Mot vaed:e e rored
suitable acid is thus sulfamc acid (1-12N SO020H) is preferred as the

pr ot chadhialgf agefd et FAA. A suitable process for protbnating the FAA is
to subnerge the nmenbrane in a 0.1-0.5 M solution of the pxotonatina acid,

preferably sul fanbgracidpi newakerTion arwabechakcohgbominefesful ly penetrate a
poorly wetting membrane), folTowed by rinsing and drying. The resulting

menbrane w Hhé’%&eé%h%a@#‘eﬂ% erzi9pss Wi ch oy be e@r?ﬂc!rb/a@d‘%%ﬂgﬁd out

by enpl oying a S|np conditioning protocol, such as 0.5M sodi umhydr oxi de
foll owed b M sodi n1ch| e. treatnen roves shel f
life Sté%l% %%é raneg ES’rEE&S%gqﬁn §O$F§nﬁ%9%§ﬁF¥F<%ld%er
strength of b|nd|n AIthou h the pres |nven ors should not be limted to
any partiTiiar tReary =S B8 i e&é@ “Ehat “whon PaA 191D S0 171 THEUITy
protonated (acid-treated) state, it assunes a nore extended, "open" norphol ogy
t hat |§Jeéﬁﬁmﬁﬁ(ﬁs%%ﬁtéﬁ*%ﬁbap§9la?PﬁngSAtéﬁH t RUSCHPF| Hotlveiease it unti
a higher ionic strength is reached. A further benefit of acid-treated nenbranes
i s great@rbstabi bintly ttowardsthiahd zi a§ i puadifatiadnonsuch ashganmmediier adisat i on,
which is an accepted sterilization procedure for filtration products.

Three grdttiicall paranetatsedef ifter a snecessiuls tmenbsasea soberr priagductevehey
are: sorptive capacity, flux, and strength of binding. Wile the strength of

bi Ndi NG 1y 0 B4 aF Bem eXkeNt - det e ai pedthy rbpeueheni cahcnatly enafo araups
presented on the surface of nmenbrane sorber, capacity and flux are usually a

| ot mrﬁltsl%%i[é%/e topth a%%‘iedl{{r%( ”phﬁlty@&'ré@ éorme%me SQf I%t' | &yfl 5 and

t he amount of pol'ymer and cross-1Ii is often o serve t hat #or a gi ven
conbln(ilquqLasupgoEtlng ;kglﬁetod %q;éflcayfon eff'%h?”CX édeternlneg by the
bed hEIdHF3 nd ¢ chaﬁ natur'e fof° the ﬁ%nbraﬁQDsor%er pﬁreg &r f%ux can
translate into small er sorptive capacity, and vice vers res | A and
13 show™4pi AFCHPERbS erv&d forUsSenbr Ane 6iber E%%%Jr%las a&’@gﬁdi%fg to

t he present invention. Fromthese graphs, the trade-off between fl|ux and
capaci thA s 8BV ouendantimiisican ¢h t THethh PAMlamdl ¢k ogs-(hilpkera Walel Y ldi r ect

i npact on these critical properties of the nenbrane sorber. To perform

sati sf actiordt yvé Iy t hemapphicatiirorsesa good menbranmeidor bendshouhd. possieds bot h
hi gh flux and high capacity. Flux of a menbrane sorber can be generally
expressed in chromatographic units, CV/ mn/bar, where CVis Colum Vol une. The
flux of a given columm vol unme obvi ousl depends on the colum height, which is
usually optim zed for efficient separa |on In case of an ani on-exchange
nmenbrane sorber, efficient colum height can be defined by the m ni mum hei ght
reqU|red to effect 99.992 renpval (LRV 4.0) of a negatlvely charged virus, for
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A very surprising discovery nmade by the inventors was that acid treatnent
significantly increases the strength of binding of nenbrane sorber, from about
54-58 ms/cmto 78-82 nS/cm It could be hypothesized that when FAA is dried in
t he fuIIy pxotonated (acid-treated) state, it assunes a nore extended, "open"
nor phol.ogy.that is capable of better e psulatl BSA and thys. w |l not

el basd TTAUR | 1°3PFir Ghor oM S st rehgt net THIS Benerit ves Uil nt sridéd Hhd
surprising, vet it_is very benefjcial since a hi gher SP usual ly transl ates
|ntoINQQQ%GV%%DvaﬂDQ?egra@@ﬁeﬁ@ﬁQ%|%% the COa?ﬁ@©p@ﬁ%&%§ﬁ%ﬁ%/Rﬁquﬁ?d
cross-1inked FAA nenbrane adsorber was inproved by a high-tenperature "curing"
processy Thee | ighlhdgs cllossribakebdeFAANgenUfds iche call IHinditny absordbities
significant anmount water resulting in orders of magnitude increase in its

vol une.ofThiseefdectheanabause 5 ow /par,meabi | gtyatét appeardotltate I his/mproperty
of the ael is reduced by dehydrating it to such an extent that it reduces the
svel | i ng- t@radr &€ cepiabl gobevels-wht hguinl ¢ OB OMESiang ithedst r engt hnefurdi ndi ng
and capacity of the gel. In fact, the curing process is capable of tuning the

permeahi i tyy, Of Jhhenmenbrane,as neaessany fan-the produgtsn Syiktabl e;gurd ng
tenperatures are about 25- li%C nore preferably from about 85-100C, and for

about 6. S2hour s, i di ati, IS de ed
sterlll(%@fonlgfoce d%% 5“3§?||tfﬁé%§§ﬁ p%ogggt 1§E§ﬂ &¥ g???ﬁ%ablrltgh?s a
desirabl e feature of a <ﬁ£b sorber. The inventors observed a surprising
benef i tsad‘rp]a@cu%ejﬁ% s%Or ﬁ'r it e Fact! e Mt I HAE % Gt er
stability towards ionizin |rrad|at|on Fi gure 2 denonstrates ESA capacity of
nenbr ane” sorb&t Barplas SEEHEEdS ot freatetd M agfayChnbct hodéhcomvert ed
into amoni um sultanates. Al of these sanples were irradiated with 25 kGy of
el ect r oredsedim t® sf nbhasecgamyarscericiei zdt itdre condstions: | & ishedteari that
acid-treated sanples maintain their properties nuch better than the non-acid
treatechave a tdheahhudcftarmed arfiaare ,exchangéisetbendi s parddreul ard faausef u
when placed in a Mab purification chromatography schene. For exanple, cel

cul turerfd 48 dadactaghdgl ronechenal santkhodi es ear,be1purd fiiied usidg afddnity
chromat ography, such as a Protein A or Protein G affinity chromatography,

fol | oned, by -qne OrsHPEgce?atﬂrPEbLﬁj%h%%e §8ﬂ>9€?§t§hecéwta%t froonthe final
cation exchange colunn t hen can be f owed through the present ani on exchange

col um f%&a?'gldé'ﬁénk Yo e?ducgﬁ fonc%Qﬁéﬁg i OE (98- qugle 1ost, cal |

protelns Vi ruses, nuc elc aci OXi NS an |npur|t|es in e fluid

by causi t hese inpuritjes t hlnd t he nedi a under appropriate conditions
o F o e nE2 e T e g aﬁr&&%éedeo e oo Eh o P s Tt

I mportantly, further purification of the cation exchange pool (the output from
the catfiioh érehdfige cofPmEEfF1dsi ngP % hB1 s tVaits 2ani dpP exéhangesotberdtan be
acconpl i shed without the significant dilution of the cation exchange pool that
was corpsehtisonal |y necessary in order to reduce the salt concentration (and

| ower conductivity) to enable the host cell proteins to effectively bind.

| ndeed, the ®ofbetiscloicthedphesendtni nyenteanthaveweersydtisgh biindiggreapaci ty
even at high salt concentrations and conductivity (e.g., >60 g/L BSA binding

at 200 T@A@¢5§9@u§ﬂﬂe@ié@“h£9fanﬁghfebgh%&eﬁa%%sk@ﬁ@k@giEhﬁﬂ1Q9ﬂ¥QthQﬁa|
sorbers (e.g., 3 kg/L conpared to 0.05 kg/L) under typical cation exchange

pool condi LEans, seep ExampL e cbrieluy TP@lgp&% ty, t ée@egﬁsor\\ﬁi]%
dilution of the catlon exchange pool due to the hig capaC|ty at
concennratlﬁns of the knst?nt sor%g{,rs gniflc%nt gdvan age. . .
present Sor “al’so” exhi’bi t s “Fobist"’ va T ruses=at re atrv‘? (%lgh salt
concentration and relatively hi h H (pI| ) of 7 6 and salt concentratlons of
100 nM%nd 156 5 stPI | “hesuit Qe CARIEBIS r erovalr teF1eir uet  faclaphose
skilled in the art will also apprecrate t hat for sone applications, the

downst redm Potd shirng? e arsrlidsd -out Wﬁ%ftﬁeréﬁéeoraﬁ%@eE%%ﬁQQﬁ@U@@bhdh@@ cdlumms
may not be necessary, and the instant ani on exchange sorber can be pl aced
downst rream ofwihe kaf fiaf¢nyr @bl ume s trhioutnd nter nediate catfaore exclrange col ums
in between. Anal ogously, for sone applications the instant ani on exchange
sorber can be placed downstream of the cation exchange colum with no need for
capture (affinity) columm preceding it.15
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The follow ng exanpl es are included herein for the purpose of illustration and
are not intended to limt the invention. Exanple 1 (PAA on hydrophobi c UPE)
An aqueous sol ution was prepared containing 20 w isopropanol, 9 wt. k PAR
(ol ecul ar wei ght 15,000), 3 wt.k lithium hydroxi de nonohydrate, 2 wt...
Triton X-10 0.5 wt..k PEG DGE (rmol ecul ar wei ght 526), and 0. 2pol yvi nyl

A cohol (e it 30- 000 BeGs cblar PHpdrol YOre hydroptBaTe HHE
menbrane with pore size rating 0.65 Em was fully wetted with this sol utjon,
and e OR4i glifd s hi PpedLsf O TrelAERBr ae: Waslarred ¥t FB6mRismperat ur e
for 24 hours and rinsed with copious anmounts of water and nethanol and dried
agai n. THodemranefwdts readet yai t h et epxandlhas Wei ghtoaddoarnofwedbout
25... An eight-layer MIlex-type syringe device was manufactured fromthis
menbr aneh4¢ haindasl @ suiémced af faeof Babecnpandecalatimi xheirghtg ilyermhelhesldevi ce
has a flow rate of 62.35 CB/ m njhar, BSA capacity 90 ng/m, and strength of

bi ndi ngiof B4-mB/ con Fompacat hverbExamplie khe(BAANGEVACHeN thedycophgh e tURE)
The nodi fied menbrane from Exanple 1 was further nodified by submerging in 50

w L., 1.0ofy ghoul dylfriigmt hyhampai um chl onjde i(GTMAGL af Pk d3r § 01y 24 owir' s,
rinsed wth watér and dried. An eight-layer MII| extype syringe device was

manuf ac ua(teqq%rgg t%& E%r ane thg%%&s gfsutrﬂ ce._area of .3.5 ﬁp@ t'l'&e devi ce
has a flow Fate of 1 / m n/ bar’, A capacﬁay ggi ng /nf, “ant sétnreng%h of
bi ndi ng of #@}(nﬁ cm ﬁorrp rative Exanple %S | fam c aci d treatnent The
modi fi €6 enBY ahBFr GHPEX W F uPt e XﬁSHP?' ed By *6G5merGi g’ 1 D, 5M
solution of sulfamc acid in water for 10 mnutes, rinsed with deioni zed wat er
and dri%d. 22An tei ghtt | a9BPLRFREEXRLIOFFe S i RgEcdevitéd twals® mahtf &6tt@réd F rom
this nenbrane that has a surface area of 3.5 cnR The device has a flowrate
of 62. 3L igdbarpr@eortigapati tye80tnytmbhireandrstorengtch ik Bilwdi.-ng-Irof 80
nS/ cm

particular, for the internal surface area, coating or covering

means that the matrix is «c¢oated or <covered, leaving a

significant proportion of the pores open.

Absorption refers to taking up of matter by permeation into

the body of an absorptive material. Adsorption refers to

movement of molecules from a bulk phase onto the surface of an

adsorptive media. Sorption is a dgeneral 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 both ad- and absorbs.

The porous substrate acts as a supporting skeleton for the
adsorptive hydrogel. The substrate should be amenable to

handling and manufacturing into a robust and integral device.

The pore structure should provide for uniform flow distribution,
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Conpar ati ve Exanple 3 An aqueous solution was prepared containing 11.6
wt. PAR (nol ecul ar weight 75,000), 18.6 wt.. 1.0N sodi um hydroxi de sol ution,
11. 6 sodium chloride, 23.2%of 17.: aqueous sol ution of

epi chl or ohydri n-nodi fi ed pol yet hyl enem ne. A hydrophobic. UFE nenbrane with
pore si,ze ratjng 0.65 umwas ewet with hano nd. directly contacted with
Uhe. abdUt ol UETorF 3rl 55 pit Beoc TRES et TERDFARE AL Spladed & 10e%,

pol yet hyl ene fil mbag and the bag was placed in an oven at 85C for 7 m nutes
whi | e bei Fiif Ear 8fal Adt 2t §OdF Dhilte menrANEC T i nttPate £hddtosd iTki ng
reaction. The wet nenbrane was then renoved fromthe bag and allowed to dry at
room t ey . Phee chrlyl nenbraneulasrehenipl acedicien dawroveh ot 21000 or f our
hours to conplete the crosslinking reaction. The nmenbrane was then thoroughly
washed o trlprwateren netthainoloand wdrsootd oric acid (1.0 N) and allowed to dry
at room tenperature. The nenbrane did not wet with water. Ah eight-|aver
M11exitc-typesydimge Be, Tirnerwas dmH, acd e & o i hing yneabmane dvhair has a
surface area of 3.5 cira. The device has a flowrate of 7.25 CV/ m n/bar, ESA
capaci ty, iy Mk, and stiengthn9fqbinding of 81 nb/ cmyscExanpl g 2o R on
hydr ophi | i ¢ UPE) An aqueous sol uthon was prepared containing 10 w. % PAA
(nol ec Lght _13. 0 ar 3wt Dg%( ul_ar, i 5 .
hydropﬁél%ycv‘%é% lir?l(aerrbfrOar(r%rge)O\l/vi ?ﬁtgo%él sllmzleﬂrzfii ng ng‘?%ma\;%\/gg\é?u yllv\éa%leo W th
this solutjion, and .excess |iquid was nipped off. The nepbrane dried at
Foom ¢ GHper BPUFE R HoUTS:  FF Rodd iR B pi S Siidunt e O hat enhdd Y ad
again. The eight-layer device has a flowrate of 62.35 CV/ mn/bar, BSA

capaci t8¢ SOhg/He dRdTst Péngfh 6PRBLREPHG of cR9Ths/ TRt Exafpl €132 3%PolSAvi nyl
am ne on hydrophilic UPE) An aqueous sol ution was prepared containing 20
W . - (, licopriopanolt, Jfwindepekypinayk dringéh( lupaniey 9095, PBASE r@sch. intvbunt
Aive, NJ) and 0.5 w. PEG DGE (nol ecul ar wei ght 52 hydrophilic. UFE nenbrane
W th palesiae ratding d3a85 thbwas fuddy wett edowptihgt hi sbhsoldt o eaind € ORC
liquid was ni pped off. The nmenbrane was dried at roomtenperature for 24 hours
and rinseth Wdh coRI-oUS canDuRt Sywefenat enpands et banel nandeigk i edhragai b uAn

ei ght -1 ayer device was manufactured fromthis nmenbrane that has a surface area
of 3.3 Gyl he sdevi cenhas adiamiAt epotedd, 95 Mainibar o BSA capacity 87
nmg/ M, and strength of binding of 32 nE/cm Exanmpl e 4 (Pol yl ysine on

hydr ophobi ¢ ,UPE aqueous sol ution was prepared containing 20 w.*
i sopr opqgrnoo t,h in%&ho%oa@cﬂ}csl}engl%ed'r obrom de (nol ecul ar wei ght 30, 000-50, 000), 4

wt . % | ithium hydroxi deagonohydrate, Ww.% Triton ﬁ-l 0, 0.25 \;ﬁ PEG DGE
(ol ecul ar WEI'GHICEZ6) P 2&ihd 6. 12WE. %%%‘?yviprﬂﬂouaﬁ cGh6F -Crof'ecul l&%@E@M

30, 000, degree of hydr ol%si s 981) A hydrophobic UPE nenbrane with pore size
rating 85 wRRRas feul FyPRett dedowileh tHiEeSutut itonh, cahdnexéess et d Mas

ni pped off. The nmenbrane was dried at roomtenperature for 24 hours and rinsed
wi t h copilouserampuntscofnandteromandhrethandly . artly irdedl \agannnTheenenbrtane: di d
not wet with water and had wei ght add-on about 9% An ei ght-layer device was

manuf actaeth dtromthi supenprasei s hatvhag arsur flace &oea ndfcrdrb mean Theowdevi ce
had a flow rate of 102.95 CV/m n/ bar, BSA capacity 34 ng/m, and strength of

bi ndi nghbofe 324PB/ CPhtings. 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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Exanpl e 5 (PAA on activated Sepharose beads) Aaarose chromat ography beads were
nodi fied with PAA. 2a of Epoxy Sepharose 63 (GE Heal thcare) were suspended in
k al MIli- water, to which was added 10 m of 10% sol uti on of PAT-)

(ol ecul ar wei ght 3,000). The pH was adjusted to 11 with sodi um hydroxi de. The

beads were ntly shaken for 24 hours, careful rinsed with water and stored
met in rerr TGO ot B ¢ 6Mose DERIUER T onaY oo ABhy LEoF B VBY  Hek kAt ¢ b
nodi fi ed beads (columm height 5.5 cm colum volune 1.88 nlL) and tested. It
had BSA d¥pati ¥y 206t myL Rt End "SB 83 Wl & PThhpar abF vEEXampI e 14 (P4 GTMAC
on activated Sepharose beads) FAA- nodi fi ed agarose beads from Exanple 5
wer e furt hetr pod fPedddbyinedcanaget hemeaichh oZ8egol Utvicaradfl VGIVIAC vt f hH 11
overni ght. The beads were carefully rinsed with water and stored wet in

refri gegtat an panoret o fusebolt clrlonmdeggraphytcoltiiart was packedawpt h onddif i ed
beads (columm height. 4.7 cm colum volune 1.61 nL) and tested. It had BSA

capaci taom8ils Bl ol stdand g3Bs25. 4 Inbl<cmuExampl eob 1imitderbs anes wisth 60
i mmobi li zed FAA from Exanple | were sealed in 8-1aver, syringe devices and

tested f,01 visrugehetenti of,. Thepdatad ”iﬁ@@%@igybeﬂ@Wnﬁﬁ%"r!’ati'ﬁ%di mpactyof
increasing salt concentration on MW and MILV retention. As seen in the Tabl e,

the M dals, ol t ne, k8l Mistang arepbrang st tendl,of B, ndipg 20-,cm - show
that_the I r_ops W f I NnCreasi ng COI’]&UC !VI Y, ereas t1o0r e rre rane of
(e I mvention, (inesue NLOR.SUESTOLD of bl nglng). pomplete.fomayal L, shagr ves
surface), surface smoothness and stability of a fabric are
controlled primarily by the weave style, such as plain, twill,
satin, basket weave, leno, etc. In this case, the substrate
porosity 1s the space between the fibers and is of a less
tortuous nature.
The substrate also may be formed from a variety of
materials 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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In addition, the HCF renoval was significantly better for the PAA nenbranes as
conpared to the quaternary ammonium salt chem stry (P_A - GIMAC, manuf act ured
according to Conparative Exanple , as seen in Table 3. For the data in Table
3, the control was Capto Q beads sold by GE Anersham which has a nedi um
strength of bonding (i.e., approximately 30 nS/cm. It should be noted that
these LRV s were obtained without significant |osses of product due to
non-speci fi ¢ binding of the nonoclonal antibodies to the functionalized

nmenbr ane (i MEtakheS3nion2exciande SiopéFereés etfektt velGPhrésel | e4°Fhe®product
fromthe nenbrane surface). TABLE 2A - Virus renoval (X-MiLV) as a function of
Sal t Cornidesit risa§iont DEVREE 1 X- MatlvallReys, palladium, tungsten, platinum,

and the 1like maybe made into wvarious forms including fibers,
sintered sheets and structures, such as sintered stainless steel
or nickel filters, woven screens and non-woven mats, fabrics and
felts such as stainless steel wool.

The preferred substrate is made from synthetic or natural
polymeric materials. Thermoplastics are a wuseful c¢lass of
polymers for this wuse. Thermoplastics include but are not
limited to polyolefins such as polyethylenes, including
ultrahigh molecular weight polyethylenes, polypropylenes,

sheathed polyethylene/polypropylene fibers, PVDF, polysulfone,

polyethersulfones, polyarylsulphones, polyphenylsulfones,
polyvinyl chlorides, polyesters such as polyethylene
terephthalate, polybutylene terephthalate and the like,

polyamides, acrylates such as polymethylmethacrylate, styrenic
polymers and mixtures of the above. Other synthetic materials
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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50 MM Salt 100 MM Salt >3.9 .7 Pall >.

treated hydrophilic porous membranes, such as Durapore®
(Millipore Corporation, Billerica MA). Examples of hydrophobic
material include, but are not limited to, polyolefins,

polyvinylidene fluoride, polytetafluoroethylene, polysulfones,
polycarbonates, polyesters, polyacrylates, and
polymethacrylates. The porous structure 1s c¢reated from the
substrate material by any method known to those skilled in the
art, such as solution phase inversion, temperature-induced phase
separation, air casting, track-etching, stretching, sintering,
laser drilling, etc. Because of the universal nature of the
present 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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Concentration and pH Device NaCl Concentration in 25 nM Tris buffer 50 100
150

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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pH7.6 pH7.1 pH7.6 pH7.1 pH/.6 pH8. 1

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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(7.2 (12.2 (12.1 (17.2 (17.0 (16.6 nB/cm nB/cm nB/cm nb/cm nb/cm

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



nsS/cm

PAA >6.2 >5.3 >5.3 >5.5

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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>5.5 >5.4 nenbr ane sor ber

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.

25



Pal |

>6.2 2.1

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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TABLE 3 - HOP renoval fromthree different Monocl onal Antibodies Product
(Pro. A Pool) conductivity (nS/cm HCP Load ng/ ml) Prototype (FAAfrom Exanpl e

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



Exanple 7 A 0. 65pm UFE nenbrane was coated with 9'6 FAA and 0. 5% FEGDGE
on the pilot coating machine. The nenbrane was extracted and dried at 85Cin a
convection oven for 10 m nutes. One sanple was left at 85C for 12 hrs and the
other was stored at roon1tenperature The nenbranes were then treated with 5%

sul fam ¢c_aci 5.isopro al cohal_to stahilize e coatin The

o eati 11 £y P R menbr SRS, CHE e us g acPPhErEer o Pt hi s
test, the time taken for 500nl of water to pass through a menbrane sanple
(cross3%%%9?%H%IS%?%%r9pée§&r€ﬁ1Plhnﬁ%?o@%%%ﬂ%1Wlé ﬁ@PQ%Qﬁnﬁﬁﬁﬁ%&P THe
menbrane lots listed in Table 1 were manufactured to denonstrate the

i mpr oveéhent2 GOp/perlaedi | hey aslaxr eslil tJwit t he 2ur CRgrstnéparAsfseenl i niTabl e
4, the "non-cured" nenbranes have significantly higher flowtinme (indicating
| ower periveabi lWwhiyle tHen Bdre daqured’y nentrranesabout 61 AsyAelen from Tabl e 5,
the curing step can be used to control the perneability and capacity of the

menbr anes asaesidedinfol-tbhe mespeanes hadnhasBShsémengt h iof bhadimgstbet ween
60- 75nb. Tabl e 4: Conparison of flow tinmes for cured and non-cured nenbranes

Lot NoGurd ng,&ondi £d ong, Fl uxm € $4 QQ”&th%O%% @%@%%%1%&%%%%7 160821.85€ 12hr 96
020307- 608032650 020307-6080385C 12hr 106 Table 5: Processing Condi tions for
anbra%%lﬁ9§ﬂrbghd, 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



UPE Lot No PAA Lot No. Roll No Cure tenp Cure Tine (hr) Flow Tine (00

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



(s/500ntl) UPDP 60821 103A 100 16 58 101006R9

cation exchange columns. The output from the final cation
exchange c¢olumn then can be flowed through the present anion
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.

W2
W2
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The present sorber also exhibits robust removal of viruses
at relatively high salt 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



52 101106R5 2 Exampl e 8 0. 65pm UFE nenbrane rolls were coated with
9% FAA and 0. 35% FEGDGE on the pilot coating machi ne. The nenbranes were
extracted with water and net hanol and dried on a not air inpingenent dryer at
120C. The rolls were then subjected to curing at varying tenperatures and

times as sho in the tahle bel ow Th nbr.anes re.then treate ith 5%
Ul T A R SGOROTPT ot E S oraa 1 BETERe SHonbtrge. Tie i
perneability of the nenbranes was neasured using a flux tester as described in
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the order of Hs can be obtained by heating the nmenbrane to tenperatures
gr eat ercamEmi 90C § or MPtolurandrol chyets/ 4 case menbranes with | ower
perneability (higher flowtimes on the order of 100s) are desired, the
tenperature can be limted to bel ow 83C and for snorter times (al Oh). Cap,
Flowine (ng/n,$)
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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63,41 What is Cained is: 1. A systemfor the purification of biological
solutions, conprising an affinity chromatography separator, at |east one
cation exchanger, and an ani on exchanger downstream of said cation exchanger
sai d ani on exchanger conprising a porous coated nmedia conprising a porous
substrate and a porous coating on a surface of said porous substrate, said
coating conprising one or nore crosslinked polyneric primary am nes or
copolynmers thereof. . The systemof claim1l, wherein said nedia is positively
char ged™2BLErRS sy S ot BHAT L, WHEF e thisat o i i 21y dHestat Ott-aphyt %t or

conprises a Protein A affinity C olum.

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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Table 1 were manufactured to demonstrate the improvement in
permeability as a result of the curing step. As seen in Table 4,
the “non-cured” membranes have significantly higher flow-time
(indicating lower permeability) than the “cured” membranes.

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




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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What is Claimed is:

1. A system for the purification of bioclogical solutions,
comprising an affinity chromatography separator, at least
one cation exchanger, and an anion exchanger downstream
of said cation exchanger, said anion exchanger comprising
a porous coated media comprising a porous substrate and a
porous coating on a surface of said porous substrate,
said coating comprising one or more crosslinked polymeric

primary amines or copolymers thereof.

2. The system of c¢laim 1, wherein said media is positively
charged.
3. The system of claim 1, wherein said affinity

chromatography separator comprises a Protein A affinity

column.
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