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 clains priority
MED 1A SFORO/MENBRANE| IOM PEXCEANGCEH NCEROMATOGRAPBY/ BA3ZEDBSGN
POLYMERIEU PRUISARY MIN&@W mmo& DERII«M TONTAT ' '
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referqpqer by perneatlon into the body of an absorptive

material. Adsorption refers to.nmovenent of nol ecul es
froma bul k pHRRAEKCRAVRED ; GE 'EHEMNTIQN adsor ptive

ﬂ%gg?6f§gﬁﬂak9nIf%f%é%%“ﬂﬁgl a grg‘tQQEhbﬂglUdgﬁrgﬂggography

| on and absorption
mat eri al or sorption device herein, denoted as _a.sorb
media | &asied t P RHMIEH Or PHARE t REEDES he PR dan&m 8kthange
absorbs or both ad- and absorbs. The nedia is

sorbepar inglrding appdtcableddd, a 2perods rEMDTEHEC SBRBRY scheme
used in a flow through cartridge and nore particularly

includina thetde@erfHﬁ%bﬁOEpBE@@raeéGEXtépl6@Mﬂﬂ%|%@ of matter
Strong ani on exchangers, such as those based on
by pauaeheipary iramonthe i argly aref used i mlgownst ieam material.
processing as a polishing nedia for capturing
Adsorpedst | velpe rghar gedhd agentt Mpyr ihd BScuBd€h A%m a bulk phase
onto the surface of an adsorptive media. Sorption i1s a general
term that includes both adsorption and absorption. Similarly, a
sorptive material or sorption device herein denoted as a sorber,
refers to a material or device that either ad- or absorbs or
both ad- and absorbs. The media is particularly applicable as a
porous membrane sorber used in a flow through cartridge and more
particularly to a cartridge free of a separate exterior housing.
Strong anion exchangers, such as those based on quarternary
ammonium ions, are used in downstream processing as a polishing
media for capturing negatively charged large impurities, such as

endotoxins, viruses, nucleic acids, and host cell proteins (HCP)

that are present in fluids such as ©biological fluids,



endot oxi ns, viruses, nucleic acids, and host cell

proteins (HCP) that are present in fluids such as

bi ol ogical fluids, 1 particularly solutions of

manuf act ured bi ot herapeutics Traditionally, anion
parti®xcdanger s fwame heen of fogr ed andufiseduirsd t hebbeaderapeutics

format, for exanple Q Sepharose(r) available from Ge

Tradi éiﬂﬁareaﬁh%nscé§8§§§g@§% Hawev ebech NIoFUGHRY and used in
imtations of bead-based systens require |arge vol une

I ef f [ r pe
e SRR AL R PR o e seem 2
or adsor pt on | rna o t
Healt%ﬁ%@%q%éﬂt%ﬁlepﬁgs g@ba?a P%ﬁVEFOCgs O%g e?gh tatlons ot
slow since the rate of nass transport pi cal |

bead- Qﬁﬁﬁ¢opW§Ge@§;ﬁﬁ%ﬁ%ﬁ?f&éFSﬁ ROLHI i 7P Emn hit® e¥fe0tlvely
di ffusi onal resistance and concomtantly maxi m ze
captudynamperibieei ng capacity, snmall dianeter beads can be
enpl oyed. However, the use of small dianeter beads
Tonesadtbthedprihecemat oigmapegs etho stolammt ipg essair baldiepsurface
Consequently, the optim zation of preparative

area €BFORBLEFLRRBINC iSLPAiEd NS 06t eRel MGl ES @nsequently, the
conpronlse bet ween efficiency/dynam c capacity (snmal

separ%\? gfr% vred) ; and gol \m. pf egsune drope (karger-beadssf mass
avore

I'n contrast, nenbrane-based chromat ographic

1 I [ h
trans$ ;aﬁgg a??ig 3 %dF%%tQ%qgr ”%?ﬁgﬁﬂﬁiﬁil F@yloﬁ €76 minimize

rectl convec I've menbrane
pares, thereby elimnatin i_nterna

this BOreg nierad ok oheHEReS  FRRbpOrECoRGAREF oRal Ty Ui dynamic

use of m croporous nenbrane substrates with a tight
bindipgnBpapelty, small diameter beads can be employéd. However,

the use of small diameter beads comes at the price of increased
column pressure drop. Consequently, the optimization of
preparative chromatographic separations often involves a
compromise between efficiency/dynamic capacity (small Dbeads
favored) and column pressure drop (large beads favored).

In contrast, membrane-based chromatographic systems (also
called membrane sorbers), have the ligands attached directly to
the convective membrane pores, thereby eliminating the effects
of internal pore diffusion on mass transport. Additionally, the
use of microporous membrane substrates with a tight membrane
pore size distribution coupled with effective flow distributors

can minimize axial dispersion and provide uniform utilization of



pore size distribution coupled with effective flow
distributors can mnimze axial dispersion and provide
uniformutilization of 2 all active sites.
Consequently, mass transfer rates of nmenbrane sorber
medi a nag be an order of magnitude greater than that of
all asthvneafdthead- FRISEWRNEHAL 0F PSS HPERTEY A3 we nRf fBpmbrane
both high efficiency and high-flux separations. Since
sorbesi ngléaomagvere shaokdernerfbrienesitnde vgrgathicn than that of
conpared to col unmms packed with bead-based nedi a,
stand&eduseddpressdr ehdonpsogrephgumeéddlagng itieving for both high
chr omat ogr aphi ¢ bed, thus allow ng increased flow rates
effic?@@c%pEQQPC%H@%LTQ%X Thepaesessasy bi ndine capagiley b even
reached by using nenbranes of sufficient interna
r , el di i hourati-gn :
stack Y O e s e ™t Fosfar Ry o braparly PFENed witn
desi gned nbr ane sorbers have chromat ographic
bead-Rf1T ] SSI'GS { RALUSHE 10500 (IS bettar tHAH 2lorg the
standard, preparative bead-based resins. gﬁn ? uent |y,
chromzeogeirlate thfed sarfe™q edeil B e paP St S % nbFgngs 2and
sorber, a bed height 10-fold |ess can be utilized. Bed
produt¢iehigihsedf 1-Bhemi@cesseanddpEndbry FawpCate sbfbaieched Dby
conpared to bed heights of 10-30 cm for bead- based
using systbneneBuecf o suiEf iexitarene iookunn laspeciacat isgsa, yielding
required for |arge-volunme nmenbrane sorbers, device
devicéesogf iigh refiiongal of Tererai Ndadgde tdiemeter end height ratios
, per f or mance advant ages associated with nenbrane
(d/n) sorbers, proper inlet and outlet distributors are
required to efficiently and effectively utilize the

ﬁ@@%é@@&e designed membrane sorbers have chromatographic
efficiencies that are 10 - 100 times better than standard
preparative bead-based resins. Consequently, to achieve the same
level of separation on a membrane sorber, a bed height 10-fold
less can be utilized. Bed lengths of 1-5 mm are standard for
membrane sorbers, compared to bed heights of 10-30 cm for bead-
based systems. Due to the extreme column aspect ratios required
for large-volume membrane sorbers, device design is critical. To
maintain the inherent performance advantages associated with
membrane sorbers, proper inlet and outlet distributors are
required to efficiently and effectively utilize the availablé
membrane volume. Membrane sorber technology is ideally suited

for this application. Current commercial membrane sorbers,



menbr ane vol une. Menbrane sorber technology is ideally
suited for this application. Current commercia
menbr ane sorbers, 3 however, suffer fromvarious
drawbacks, including Iow binding strength, difficulty
in renmoving viruses, endotoxins and nucleic acids. A
howevaepbranef esor Beom svarivwghl yrpebauss,i ntrer bohhregt édw binding
nmedia that has the ability to renove (ad- and/or
strengdbBOQr B) fsa® 1 tgoPoOnRics i0fy arisalddd, oreniaibsties | atd efucleic
flows through its pores. The properties of the
acidsienbrane sorber and its ability to performwell in the
requi red application depend on the porous structure of
h ia ( n).a S e n -
h ﬁle%‘%at%ﬁeatsmbeetro )s % %ngng%x%g éa%qrotug N reccﬂfr}ei/cf‘&ﬁjemedla

surface I'S expose ol utidn.” Typi ca
rQus dia,i.s.formed first, fro pol r that daes
that (a8 GRS PP Shelt® | f WG A postbeds Spoorbl  some
acceptabl e nmechani cal properties. The porous nedia is
compoReREar bty & FOldid RenBhahe tRPedtethide By OpRaséhrough its
separation nethods well known in the art. See, for
poresexdRgl ©rRSHAEAAS) ozydieynanbraner 8prPeratngn idird ability to
Utrafiltration: Principles and Applications, New York
perfolfar owlll Dekkehe 1996u:ited | empliibetiand Gegmuwlcaron the porous
menbranes are al so acceptabl e skel etons. A separate
strucpuoeess nghst apdia ust@lllet onneqid r @d11 0 arodbd ythBe nature of
external or facial surfaces and the internal pore

the sfRGestRAtthe fOxPBLde-RORQUSLRET UehUieoh | MRt caliNe, the
necessary adsorptive properties. Since the nmenbrane

porouétngnt%cieirﬁeiiss @EEﬁQdf %%,fr%oﬂx hé{d&%?ﬂ%éf FE%'a)HTEBOeS not
dissolve or swell in water and possesses acceptable mechanical
properties. The porous media 1s preferably a porous membrane

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

See, for example, Zeman LJ, Zydney AL, Microfiltration and

Ultrafiltration: Principles and Applications, New York: Marcel

Dekker, 1996. Hollow fiber and tubular membranes are also
acceptable skeletons. A separate processing step 1is usually
required to modify the external or facial surfaces and the
internal pore surfaces of the formed porous structure to impart
the necessary adsorptive properties. Since the membrane
structure 1is often formed from a hydrophobic polymer, another
purpo»se of the surface modification step is also to make the

surfaces hydrophilic, or water-wettable.



pur pose of the surface nodification step is also to
make the surfaces hydrophilic, or water-wettable. 4
There exi st a nunber of approaches to nodify the
external or facial surfaces and the internal pore
surfaces of a nenbrane. Those skilled in the art wll
FRa8f| P*iéCoghi 2BMBRENPIardPP IRt FAvEPrFihy the external
adsorption, plasnma oxidation, in-situ free- radical
or fapgdhynerirzacesnangr afhe g tarhadoatdnsy. suhearg ovf ty membrane.
these nethods lead to formati on of nonol ayer-1ike
Thosest skitilueés on the nenbranelsurfageilwhi cocogsizef ¢hemplary
time achieve the goal of nmaking it hydrophilic, yet
methoflgl | indd dimRar odeeeptiabl,e ausondt icste dgyiapgrtiessitar free-
exanpl e high capacity for the adsorbate. The capacity
radich$ GRJIvARd-@%itihs angeREL(KEl ahld ebathgqadspidabe jbhaky of
can be retained by a“given volune of the nedia. As’long
a . .a rption n_th I ane face
these Re Rk A b LB 617Dy OEnEHENBY a4s ‘S A8 dreres o
By. their nature, i,Ct OpOr Qus nbr anes have, | ower
the mgfbrafe SREASCoMpATAGT 6O ChPomdt yraphy TUad e e iRl of
. to.increase surface area is to reduce pore size, which
makingphgitoligty Apdads o ¥Fignf#icahf HE9$Es iarcantiplleopdsorptive
exanpl e, the maxi mum (nonol ayer) adsorption of protein
propephiasn. ®wnepehpeehyhedle wempeciny (Enredgris @dsprbate. The
Billerica MA) is about 20 ng/m, regardless of the
capaciypeisf definhade asi nher axtovons. (wHiighti)s i giiid i adsdtlyate that
| ess than, for exanple, agarose chronatography beads,
can bWl tHethypicealbEapaghtr¥nakeuiim0 o fMO/HE . media. As long as all

adsorption occurs on the membrane surface, the capacity will be
limited by the membrane surface area. By their nature,
microporous membranes have lower surface area compared to
chromatography beads. One way to increase surface area is to
reduce pore size; which obviously leads to significant losses in
flux. For example, the maximum (monolayer) adsorption of protein
on a 0.65 um polyethylene membrane (Entegris Corp, Billerica MA)
is about 20 mg/ml, regardless of the type of surface
interactions. This 1is significantly less than, for example,
agarose chromatography beads, with typical capacity about 80

mg/ml.



5 The type of surface interactions driving the
adsorption is defined by the specific application in
whi ch a given nenbrane sorber product is used.
Currently, there is a need for a high- capacity,
hi gh-affinity sorber that renobves viruses, nucleic
aci ds, endotoxins, and host cell proteins (HCPs) froma
| utj f cl onal, ant i .bodi es s). . These : ;
ThpuryBresht e have: AT oRal T LbeTeas; Fheparienaden Lo
. _the MABs, which.neans that at, a certai,n. pH they wll
defingd Régatls ePPSEnAr Go R 18 e VB W Do a¥RP visgprane
charged. An anion_exchanger, i.e. a nedia that bears a
sorbepoBFPAVEL char gt ethd GE¥FaRELY antBAZe i§ requeeedips a high-
renove these inpurities.. A nunber of chem cal noieties
capacienr didsiafifienitcharsgeber ahhaguevesosebutvbnyses, nucleic
including primary, secondary, and tertiary am nes, as
acids wedhda@soxjtas er aadyhasnopelin pabteinshgHC@®)neExrcdr e solution
positively charged at pH below 11, while the anmoni um
of mofdtlisndeannthecpesist i warshar gerdsal bnphiri 60e5h€s8d to have
groups are conmmonly call ed weak and strong anion
c r: LAY i an ha S e
o Lo Tl 3 oharsad ol hrRg Sree Charha: Frast a® @
and_hol.d various.inpurities,and, contam nants. Th .
certa Rt ey hnal prebephbt FEal bR R et ent Pt y hrongred il be
.. Js a function of the concentration of these bindin
Positiyglyg %‘iﬁa¥‘ﬁ%gneﬁ“8r & Clarfd T e e - nat GFE8f bears
ligand (as well as the concentration of these |igands)
a POSiE1vgspehdT®t e G 2EREAGES eGHIRNGH biAditRfItigied hee remove
various inpurities. Hgh 6
these impurities. A number of chemical moieties bear a positive

charge in an aqueous solution, including primary, secondary, and
tertiary amines, as well as quaternary ammonium salts. The
amines are positively charged at pH below 11, while thé 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 various impurities and
contaminants. The amount of impurities that can be potentially
removed 1is a function of the concentration of these Dbinding
sites on the membrane, and the chemical nature of the ligand (as
Qell as the concentration of these ligands) 1is responsible for

the strength of binding for the wvarious impurities. High



strength of binding is a key attribute for increasing
the renoval of inpurities, for exanple, host cel
proteins. Strength of binding (SB) is related to the
ionic strength of solutions required to elute the

strenBeUndoEnpuihtiieg. SB of meiprane risarer foreasuice@dasing the
conductivity units, nS/cm is determned as follows.

emovaﬂrskﬁfa §HBhk1@ﬂE§nt Qinadsgi £e 50! Wiis@n 'éep?ss?goteins.
hr ough t he nenbrane sorber so e adsor bat e bi nds

c e er
Stremte%@”g?ﬁﬁ% 5 né%?ﬂ%l %be PN aaPRiEy gt fengen of
such as sodium chl ari e m ni mum conductiyity _of
so1utdpie; SRATRAE b 1SRG o] (PRITE 6 HGHT CFHES ackBr it @embrane
is recorded and defined as the SB of that nenbrane
sorbegor(Bien sugpd Mé?e%%?ﬁ@th%lgeréFt§tréﬁ@kﬁ‘oﬂfblﬁ%Fﬁﬁmlned as
negati vely charged inpurities can be nmade to bind
followpr evarsithl ya swatlhe amovntanef sefberbatherseyption is passed
significantly increasing the renoval efficiency. This
througd pahéi coé@blynenpootiaat for tdree reemordlatef Wwaakisy to the
bound popul ations of host cell proteins from an
membrafki kthb St r eanse &ony entthenaherfib Bxhé Nrs@@ ANEON eluted with
exchangers typically contain a quaternary amoni um

incre%ggﬁgdg&%@ﬁéﬁ% Q%§p9H§£§£ﬁléoéal§tt%@%%!Q&saggdpuﬂdkﬂgoride.

nega |ver charged inpurities, whil repelling t
[ t
The n&%%' |%’% ?ﬁt{?rgg“gerl&gﬁ%%cu%gf%t %m&%& 590 o elute

@;@Lanaaérwaf SR IO N o o e
membrgggvgg%%%r s ggcﬁgggégsing the sorber strength of binding,
negatively charged impurities can be made to bind irreversibly
to the membrane sorber, thereby significantly increasing the
removal efficiency. This 1s particularly important for the
removal of weakly bound populations of host cell proteins from
an antibody stream.

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

strongly by charge interaction, a strong anion exchanger, i.e.,

one that has a positive charge at all pH values, is necessary.



The present invention denonstrates otherw se. The
present inventors found that polyneric primry ani nes,
preferably aliphatic polyners having a primary am ne
covalently attached to the polyner backbone, nore

The pH&f8Iabl hhav ith a RdRdrAEde otouali |y attasheskesent
to the polyner backbone by at |east one aliphatic

invent%r%“p-’ f&ﬁﬁ‘&er .%lﬂlax aeﬂ)}}é‘f téreirl? gePﬂgaryi ngm@%%@,i Veggﬁ/eferably

charged 1 npurities lonally strongly and thus are

., the referred class of materials.for t
a1iphapd e B Fy AT Snotneces FldeSor Sy et tached to
sorber. Mnocl onal antibodies continue to gain ., ,
the PPAYBPEANCEC AEORE heriisut PECARASHN SgnUt i agenPEinFhy amine
process of screening hybridoma libraries for candidate
covalamiBy i stheched mbocorsunPrg Yigsd PapkPonat énsi wé&. opaat one
a hybridoma cell line expressing a suitable mAB is
aliphassitabyirshpd, ragfianddloat aomemtiieds ogyoumst bhed negatively
devel oped to produce sufficient mAB for further
chargdahariaghatiziadd onexdegtiasidliopal stmirtody f ainurifys ngare the
involves wusing Protein A or Protein G affinity
prefefdOMREOGEaPhyr The t urdifd edr@nti Bodyri fgdesald eda@hptive
exchanged into a biological‘ buffer using dialysis. The
tire ocC ically | res veral days to
ny drogs%npqrnettg{eanﬁécfa%y%eocfgagf tnllécu arrfe)e/ Soonrzoreeorﬁ's if multiple
Bs are to be evaluated in parallel. U.S. Pat.ent No.
S50 55 | caBhoORt Bpar &80 OF aniho 9gHBup TPortance  as
cont ai ni ng. chromat ogr.aphy nmedi a for separati on of
theragsagtidesNchndiRGA0sTd CacP@SN P i $N8i sRFBSBESt hat aPCreening

hi gher ionic strength 8 .
hybridoma libraries for candidate mABs is both time consuming

and labor intensive. Once a hybridoma cell line expressing a
suitable mAB is established, a purification methodology must be
developed to produce sufficient mAB for further
characterization. A traditional method for purifying involves
using Protein A or Protein VG 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 1if
' 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 is disclosed that a higher ionic strength



is necessary for elution of proteins fromweak anion

exchange ligands vs. strong ones. The inportant

structural feature of the separation nedia disclosed

is that "at a distance of 2 or 3 atons away from an
is ney¥gwaMY tfogerlihene i Sf aphypdeoxyl opwoska ardidnmaé¥change

secondary or tertiary amino group”. Herein, for
ligan@%afBl estwenghewelshatria liagselvantr aashidikad coaddnerOfor the

pure polyal 'yl am ne pol yner does not require any

AdLhi anals 01 auBs b8 PrAME g, bl ohar strenallnol of 3
Separ%ind%ng oj'prote?ns.eu.§ﬁ Pat%nt . 5,304,6%% teghhes or

usi n rotein_.separ.ation ium t.hat_ conpris a
atoms, 289, BrBE B emilE RIS IR el g o - Group or

, ol yam ne roupings. One,of the exanples gdenonstrates £

prlmagYepaF?ﬁ@n ap¥| yaf| yFaht hRTEur #B3ER° nodf P1Rd- agar Bgeein, ftor

chromat ogr aphy gel. However, the inventors of 5,304,638
exampigj| Yo SPewoghhzk the lowgeitvaneecddlinked £qmtiing yof pure

am nes vs. secondary and tertiary amnes. No effort is
polyahhgéamindepciyined coreemoitngequonter @y rgididatemml groups to

thickness to optimze sorption, or to crosslink the
promoteahigfefost séahthi by. bTheyngnphasiae=ihe. preferred

number of carbon atons between pairs of nitrogen atons

assbei ng ot moxe .t han Fha Thay | pbreddse ansePiriscal protein

function Q which is calculated based on the Structure

- pol yam ar I ng nd_ha ef val -
separgL 100 VAR O e Er ot o fe. hiare s B bare T
arpy @l ons b tyeen, nearest nhpgpgeqoato%FS and th%fg% vamples

CATTYtiRcti Bntfor Tt mEulp&lgé‘&&;egtélpdf’.' 1§ ST PaltengxamP
demong?tagég4gigggrgggcge%xﬁggﬁﬁgﬁg i%epgﬁg%%ce modified agarose

chromatography gel. However, the inventors of 5,304,638 fail to
recognize the importance of using a primary amines vs. secondary
and tertiary amines. No effort is made or described concerning
controlling coating thickness to optimize sorption, or to
crosslink the <coating for stability. They emphasize the
preferred number of carbon atoms between pairs of nitrogen atoms
as being not more than 3. They introduce an empirical function
Q, which is calculated based on the structuré of polyamine
grouping and pH and has a preferred value of at least 1.5. In
polyallylamine, there are 5 carbon atoms between nearest

hitrogen atoms, and the Q function for it would be close to 0.1.



menbrane that has an i mmobilized pol yam ne coati ng and
could be wused to renpve viruses from aqueous sol ution.

The coating preparation involves first grafting a

radi cal on the surface of the nmenbrane and then

veacti pgtéhe radi.cals,sidt’h 5aepoleyahee rEgRichg a porous
Grafting nodifications are often inpractical due to

nembrih€l EnbhBhekenta ComheX f¥zed hsawa@ll%@nébauﬁ t@rdh&ould be
particular substrate a radical 1s grafted to, and can

used PEcEXpepsiye &rﬁruégp' CREOL |8y acéé;' b08on,  The coating
envi ronnent . Is nethod al so"suffers ron1the
uct ur al ef|C|enC|es di scussed re 6
prepaf#ﬂe " of Mtfied8 patérits 7599623, FE150aT0d8, g urece of

5,547,576, fail to recognize the inportance of contro
e RYRRAYe Sbfi ckields r(ﬁ‘acgﬂ%rr? fe coafieryt o it Gegreevamine

of polyner cross- linking within that coating. Al of
compogh@m GERf tdmacheafltficat earsi Greof ogdhean e rHt kiak ngue to

conpound with a reactive group that has been
theircovhkteatlty compilkiditzed Wrey hersuséasktieet er the particular

grafting or direct reaction. In the end of any such

substpiosedur eadiene i ssespeitiad | Yol i nhh@d dah abe expensive to
' nonol ayer-type am ne-contai ning coating. H gh sorptive

impleké&PacitymohuthesarrBAbLAReS oeARNEN! YHig M&y%dlw suffers
increasing the surface area, as is the case with

from ac% ﬁ&%‘f‘t&g P@Dé’n? é‘é’sdlgé’\?s%’éﬁsfé‘t ”é’@l‘té%@

hlg sor pt1ve capaci i's achieved

BRI g SRR s, 520, ond
5, 547S§Léﬁf%§h?t%gdb%? Q%%ernfnimg'gégggg L%Ogaﬂt&oah%igm the
thickness of polyamine coating or the degree of polymer cross-
linking within that coating. All of them rely on chemnical
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 monolayer-type amine-containing
coating. High sorptive capacity of these membranes can only be
achieved by increasing the surface area, as is'the case with
agarose chromatography beads. The present invention teaches that

high sorptive capacity is achieved by building a relatively

thick layer of 1loosely cross-linked polymeric 1layer on the

10



Accordingly, it would be desirable to provide nedia and
a flowthrough anion exchanger including such nedia,
that offer strong binding of inpurities and that do
not suffer fromthe shortcom ngs of the prior art.
membrgpeh Saf fegehargeradscabhy t feGfareyt useprgrach tiiem all those
purification of nonoclonal antibodies fromcell
taughtulitutkenediarusichg a chr omat ography schene, when
pl aced downstream of an affinity chromatography col um
phabridsngopt i dnal hyuidl beweldshyabne daro nprevpaei gkidig and a
steps carried out wth a cation exchange colum, for
flow-eXasnbR. SHMARYxCGhatHErl NVENTUEM JTheuphobh&edBa of thhe offer
prior art have been overcone by the present invention,
e rQvi des sedi -devjjc u anj
o aers | ool U o o A Fhaan; B ey frop the
shOrtggﬂyﬁsge Qﬁflnghg Su&&%&ﬁ coaéed,mnt ué%.pog ne%nﬁﬂﬁp %ﬁ? is
a poFyal 'yl amne. € resu‘i”ﬁ‘ng merfbrane Sur pri’si ngri%/
.offer stranger, binding of protein inmpurities d , ,
partl%HL%F ¥r UPEhbval Poften r%ﬁﬂanﬁQﬂeﬁﬁu@?@?ﬁ&%ﬁ%fo@PEéFOdles
sanpl es than conventional [|igands based on quaternary
from i T ldalnss, meddRudiRRAgNIt rd metpraReeicgpnY | §ghgse, when
11 Described is a nethod to‘significantly increase the
placedodptingd reapace f yaof afifdmdpor ocisr orentbr@reshy | nsflead dfhat is
nodi fying the surface of the nenbrane in a '
optionahdl ayellowikel Bwsbhenort ieomwntpoei exiesnakeand carried out
internal pore surfaces are coated with a | oosely

with &88861bhnkrdnhNgeogsl umTherypt LMl en)

SUMMARY OF THE INVENTION

The problems of the prior art have been overcome Dby the
present invention, which provides media and devices, such as
anion exchangers including such media, wherein the media is a
membrane having a surface coated with a polymer such as a
polyallylamine. The resulting membrane surprisingly offers
stronger binding of protein impurities and superior removal of
host cell proteins from biological samples than conventional
ligands based on gquaternary ammonium salts, including

trimethylammonium ligands.
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t hi ckness of this hydrogel is about 50-100 nm which is
sufficient to acconmodate several |ayers of protein
nol ecul es. Thus, the adsorptive capacity of a
m croporous nmenbrane is boosted fromabout 20 ng/m to
80-100 ng/mM . The type of interactions driving the
adsorption is defined by the specific application in
Mschilzedi véa menbmeatehadr bee psoducficsntded. increase the
Currently, there is a need for a high-capacity,

sorptivgh- abkbkpiity sof bemnithaporeudvesaridrisess. nucl drstead of
aci ds, endotoxins, and host <cell proteins (HCPs) from

mod:.f@ir%o%k‘}@l M@é syeh @se sahditboise Ofn MANOCHORE] ayer-1like
ant1 bodi es (MABs). A nunber of chem cal nvieties bear

fashlér’h poséhté V%D(EI}Q geek@e?ﬁaﬁqugr?&ls ﬁ@e%'{aqn, o%%l u?h?@aces are

Imary, secon ary, tertirary am nes,
alm nes. are OSI ti ve

uat [ nar niumsalts

coateO@th;% Baat RNl 6t 0L, lwﬁff@ﬂetebﬁ%r%%m S Lol ten)
t he p05|t|ve charge at al so these groups are ,

thicknegs edPeakland §V?6ﬁ@eén|éﬁ eﬁ@ﬁ&ﬁgeﬁQ 6@%t|0%@§0h 1S
The present inventors discovered that polynerlc

suffigkgmar foardgramqsadier apvgrali plratars pof ymaod eavimglacules.
primary amne covalently attached to the pol yner

Thus, badidborelsomprte vel 2 cpipefodrtabl yfhawi ngiarpporany anemerane is
covalently attached to the polyner backbone by at

boostd®agircaneadbuphatd c ngf OuP, tor eBerabby wmg/met hyl @me  type of
group, bind negatively charged inpurities

1nteré¥ﬁ%§§k§08§5b¥n§tﬁ9ﬂﬂ|§d§89pﬁfé§ @%e<§é¥%¢&&§f§9f%ﬁmﬁ|§§§c1flc
materials for creating the adsorptive hydrogel on

appllé%&yrgﬁc%k&fch aan%eqp &%Pgﬁe 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 in an aqueous 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 ch;arge 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 backbone, more
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Al so described is a chromatography scheme and net hod
for purifying nonoclonal antibodies, wherein the anion
exchange sorber is placed downstream of an affinity

colum (suych as Protein A qr Protein Gaffinit
prefe g m P odid Sopdi Ga14 HnaTore roP S LoV LK M RAEks O the
such as cationi c exchange colunns, or just a cation
polymeschafeorsl . at nlepelw omea el Felidf &CoprPHE, MIREELLTGPLly 2
t he ani on exchange sorber described, little or no
methytiéneit i opmwfughe catinoh exockgagérvepyol (ohaapkdnityimpurities
colum exchange pool where no cation exchanger is
exceptts®tlliy necess@ly tand | aders t heeconduct pyetfygrabdt helass of
sanpl e because the present sorber nedia can operate at

mater A Of€fof 0RLEa B AENEHAS adERepEakBehydriddell afts wed | skPface of
strongly bind host cell proteins and other negatively

] ed J rities in biological sanples even at
a memé%éﬁtué%%ﬁ%?és approaching 15 nS/cm and at relatively
jgh pH_ As. discussed earlier, relatively high devj
Zgje%?regsislcirtlyedi s Ach e%éﬁor\r/\ﬂ%%ﬁ?p %yolcrs i ie(rznlenga%l né’}eﬁ%wd tor
. _capacity because of the convective flow of the,
purifydigr MRt el cotpatRadtes t heVHFFFLRi vERSf | B BR exchange

bead- based sorbers. 13 BRI EF DESCRI PTI ON OF THE
sorbe DRAW NBS aFiegur doVAsitseangr aph & \Betfdm it ux Cad@MBSA (such  as
capacity of 1 mm nenbrane sorber colums prepared from
ProteBAHAcrassPronked W tdhf 015y PEGLDGE) Rimgur eptBonslay one or
graph of water flux and BSA capacity of 1 mm nenbrane
more PAIBehicwl uaBsipeepaech f BEM wathoRiwt .LodRAhgs 0891lumns, 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 cation exchanger pool (or affinity column
exchange pool where no cation exchanger is used) is necessary to
lower the conductivity of thelsample 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 in 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.
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linked with PEG DCGE; and . Figure 2 is a graph of BSA
capacity of a nenbrane sorber in the free base form

and the sulfamate ion formin the accelerated shelf

life test. DETAILED DESCRI PTI ON OF SPECI FI C EMBODI MENTS

The present invention relates to a porous

chr omat ographic or sorptive nmedi a havi ng a porous,

pol ynmeric coatln%ﬁ$orned on por ous, self-supporting
substrate, to BB |QESQRﬂE¥¥QNWQF|ﬂHﬂ PRAINGSCh medi a,

to purification schenes |nclud|ng the sorber, and to
ﬁtghodsléfipuaibma@miaﬁ;wﬁt&nnﬁﬂuxiand;ﬁﬁﬁimap&uisy of 1 mm

suited for the robust renoval of lowlevel inpurities
membrinenMsoBBEFacblnad sbipgtcherape Wroes ,pAHI G @&ss -hindeddnalth 0.5%
anti bodies, in manner that integrates well into

PEG-DEXE Sti ng domnstrean1pur|f|cat|on processes. Typica
|npur|t|es i ncl ude DNA, endotOX|n HCP and viruses.

nct by s c
ang ﬁ@ %gc%%d%c%?S? %hlg ?%It%%g gg?fgg%%€%$€ of 1 mm
mbrrgnn Vi ruiesneven unre f 5%@ Cross_
MEMOr R RdP R %ip‘é% Py PhoEETS4c F?”Pang d of e
rneablllt achi eved. |ndeed, depending on the
llnke@oﬁ%?%gp%go%%?tlég produced: by the nethods descri bed
herein, nucleic acid binding capacities of greater
Fhwrgb%utssan@rﬁph of BFRatepachan abowutMoBORR El Sorlegr in
greater than about 35-40 ng/m, may be achi eved. The
the faa@uhaseoformeaadibheexuhémm@tsoi@@rf®smnumhtmes&c¢®hmrated
that for a conparabl e bead-based process, since |arge
shelfdiiféivastof the

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

The present invention relates to a porous chromatographic
or sorptive media having a porous, polymeric coating formed on a
porous, self-supporting substrate, to anionic exchangers
including such media, to purification schemes including the
sorber, and to methods of purification. The media 1is
particularly suited for the robust removal of low-level
impurities from manufactured biotherapeutics, such as monoclonal
antibodies, in manner that integrates well into existing
downstream purification processes. Typical impurities include
DNA, endotoxin, HCP and viruses. The media functions well at
high salt concentration and high conductivity (high affinity),

effectively removing viruses even under such conditions. High
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sanpl e bei ng | oaded on the sorber nedia are no | onger
necessary. The porous substrate has two surfaces
associated with the geonetric or physical structure of
the substrate. A sheet mAII have a top and bottom
surface, or a first a_second_surfac e. .
oind B BRBa Ry et BPHEe SAPRSRSBing| (FATRERI PRORPRPORICY IS
. one side surface) throu h the substrate to and throug
achieyfd. otHutesd ded %@%ﬁ%ra:%) ONESRen S GW T BRI PENghes produced
tubul ar menbranes, there is an inside and an outside
by th@umﬁ@@.dSFldﬁﬁQﬁi&%bd@rfeﬂém nhelsimiaeld direloyt SpPecities
or vice versa, depending on design and use. The
of grehiteknedsndiaiensi oh betmkenot he oree tsur fréees dlsoyordusmg/ml,
This porous region has a surface area associated with
or grtheepordan laboartdeys-1® pigvant reonfisiadhielad ed The amount

the ternms "surface" "surfaces", or "surface area," or
of tﬁémajrﬁrorységz%\?panb'%e 5H¥EBE Oriss \Mu| dh rekss tohdhe that for a
geonetric surfacés as external facial surfaces or
d h f ci at th r.es
compagﬁ??éb:é?%%e§?éga 3gd§§%§ erﬁﬁﬁu%$ gg?gts g&??&égggregf the

15, Por ou rial es the, pores, ch are e
samp1g b eh8 I ReoBoF i RAEPEE BPISRer ER cPon ?%%eﬁaﬂagga%ary
t he physical enbodinment of the material. For exanp
?ﬁeaFﬁﬁﬁ“ﬁbv%%b%%%ﬁtetHésréﬂﬂbn$9r%?¢%%téﬁSPFBéF§dndk@j1 the
up the matrix and give the web its form In poly
geomeRt EFopsr MY Sty affasiciuie phlaseheepabatedtepol ;Areﬁaheet will
provides the matri x. Herein, the inventors discuss

have go&b@n@nﬂ'bmmmwmn@utﬁ@csurbaca dfi rislie amediaa. sddend surface.

I nventors
These are commonly termed “sides.” 1In use, fluid will flow from
one side (surface) through the substrate to and through the
other side (surface). For hollow fibers and tubular membranes,
there is an inside and an outside surface. Flow proceeds from
the inside to the outside, or vice versa, depending on design
and use.

The thickness dimension between the two surfaces 1is porous.
This porous region has a surface area associated.with the pores.
In order to prevent confusion related to the terms “surface”,
“surfaces”, or “surface area,” or similar usages, the inventors
will refer to the geometric surfaces as external or facial

surfaces or as sides. The surface area associated with the

pores will be referred to as internal or porous surface area.
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nmean by this that the internal and external surfaces

are coated so as to not conpletely block the pores,

that is, to retain a significant proportion of the

structure for convective flow. In particular, for the
nternal_surface area, coating _or _cove ans

%9ﬁ?%ﬁﬂ$ﬁ%@ T¥¢to ?%%r%?eco%%reﬁorFeav hécg g%bm ptzﬂﬁpace’
oportion of the pores t|o refers

and tgﬁklsrﬁbljtijp BR t Akt b§kﬁg§ﬁ8iati K tBa BRe U&bdf/th Rffysical

absorptive material. Adsorption refers to novenent of

embodimsindc uPBs theormat &l & phadoonevaRREE suriface dPhgoven web,
adsorptive nedia. Sorption is a general termthat

the ramidmidesoboéhtedd§dppts omabadupbsbeptaomixSiamd agrivwe the web
sorptive material or sorption device herein denoted as

its f@rsor bef, poeires hocaopdirensamemdlr atiewi, ceHhaihdrd hsaskrated
and absorbs. The porous substrate acts as a supporting

polymé%eb@bgﬂd%%r the mgdeprptive yaydriegel thdhe; syWbstoate discuss
houl d be anenab e to handling and manufacturing into

rg t al T 0 ruct
coatlr%ho Pd prOVI egL #¥¥ﬂ lg&/ﬁﬁu@ hEasSh! %ﬁ% 1n¥entors

for uni tri utron hi g

an hrgh surf ce area. ubstra
mean 1y pbi8"gnghd Rl iernes "50e0a %rgveanre coated
mat, a felt or menbr ane. Preferably, the substrate
50 as| §0n TEHeePOTBFAEALE! P4 OGvaine oPOFBR: wsveR fabr i Eoorefain a

nmenbrane. Fi bers may be of any |ength, dianeter and may
signifgednd] |wwWwRIrt st ot trheys‘arecherebéﬁefe@:omgettﬁéfre dslay- In

substrate (although they may be fornmed into an unitary
partictlrauct uferafther appdiwati enrface area, coating or covering

means that the matrix 1s coated 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 general term that includes both
adsorption and absorption. Similarly, a sorptive material or
sorption device herein denoted as a sorber, refere 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
eandling and manufacturing into a robust and integral device.

The pore structure should provide for uniform flow distribution,
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of the coating) but are individual discrete entities.
They may be in the formof a continuous |ength such as
thread or nonofilament of indeterm nate | ength or they
. be formed.into _shorter indjvidual fibers nade b

high Fe: AGSE PEEGUS S AE2 such e SRALAEerTF MovinTiber,
fabrics, cutting the continuous Ilength fiber into

a shepfidisWicduds pt ete%en f 6pRBHChy2atePyYPHP né MHtowtdh felt or a
met hod and the |Iike. Non-woven fabrics are flat, porous

membrgheet Srpadeabilvecthy stbsrmreggariat @ filirats bomekdl of a woven
toget her by entangling fiber or filanents, thermally

or noofwoheni €abkyc dypacakhipranenwoven fabric
manuf acturers supply nedia having from1 to 500 m cron

reparkl ewy pRr eof Mo) I8htighes. dfeheBen- wavemayalid Gseollow or
the porous structure is the entangled fibers, and

s011dPOMAsd Vakef &St t g e dt ofd or SRACES ReHMBEN tand 51 though
anong the fibers. Porosity has a simlar neaning for

It§Q3f§g£' - refer ? - |,SPY. . .
they ?%h enberghﬁgnﬁgvghéLﬁwﬁg t%%ﬁe%%¥%%gs§?zﬁﬁf?% ?9%%lcatlon

F02463., 17 V%ven fabrjcs, ar ro&gced by the, .

Of theni@aIHg BYCwarE TR SUHg T C 7T berBtifiigs. They may

_regul ar pattern or weave style that 1is at sone
be ipyebl? | rf%d%ngcr% t AT ovdmers, TPpocal | yuthe @eftthgead or

at an angl e of about 90 degrees to that of the warp. _
monof Of fwent cofmumde igsed rarf elserigid] uele baeyameyndte | favintedl into

to 30, 45, 60 and 75 degrees. The fabric's integrity
shortés niiditaidedl byf ifdeers neehbanileal dhategrineckitngrofist heaterials
fibers cause by the weaving process. Drape (the
such adbd | idoh-ofowverd alyd ¢ wawegonfrabmitce,a eqdphay the continuous
length fiber into individual pieces, formed by a crystalline
growth method and the like.

Non-woven fabrics are flat, porous sheets made directly
from separate fibers bonded together by entangling fiber or
filaments, thermally or chemically. Typically, nonwoven fabric
manufacturers supply media having from 1 to 500 micron mean flow
pore (MFP) ratings. For non-woven fabrics, the porous structure
is the entangled fibers, and porosity refers to the tortuous
spaces between and among the fibers. Porosity has a similar

meaning for felted fabrics. A preferred non-woven 1s by

Freudenberg Nonwovens NA of Lowell, Mass. and is type F02463.
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surface), surface snoothness and stability of a fabric
are controlled primarily by the weave style, such as
plain, twll, satin, basket weave, leno, etc. In this
ase, t substrate orosity (s the space between th
PBePs LRFISS of 5 | SUSINER ubs hAEur &5 THOASGBAL rat e Mazp
, also may be formed froma variety of materials
fiberpnapgddihg tglfdderpl st # csevebranPettant Ret alegve style that
Borosilicate glass is one exanple of a suitable glass.
is at| somanpbededinmed asdfliebérs eerchgloade matlypivarlilgughe weft is
ceram cs based on the nore conventional silicate
at archenp3ériceS ebonmr ed@xaiigreelentst rihest sa€h t@se ywhtrpumOther
zirconia, titaniumand the |i ke and bl ends thereof can
commoREBy Us8Ed afhQescamdeudorped bPto nfdtbersyited stof bt s.45, 60
nonoliths or nenbranes. 18 Metals such as stainless
e Lekel 0 AT on; : her gnet:i S
e Ty a4 (s P era bt i hum e ag The oy the
mechakigglnay %ﬁgﬁg§ki@to %@rk%%s %95g§slnggﬁgéngb Ibgﬁg, weaving
sintered sheets and structures; such as sintefed
st ai nl ess 3tﬁel or,nick%% fi%ters, woven screens
&Re £ a

PTOCe3nd- HEAPTov &R CnEts; b WPTieIts sgefogy to a complex
stainl ess steel wool. The preferred substrate is nade
surfagebm syt ¢ FroHatA  p6l yrERPE Livhver P4l s2  fabric are
Ther nopl astics are a useful class of polyners for this
controsked Theimeplidst igs thel wudevbutstarle notuch i abt ed atier, twill,

pol yol efi ns such as pol yet hyl enes, i ncl udi ng
satin, basket weave, leno, etc. In this case, the substrate

porosity 1is 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 is 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 yttrium,
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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ul trahi gh nol ecul ar wei ght pol yet hyl enes,
pol ypr opyl enes, sheat hed pol yet hyl ene/ pol ypr opyl ene
fi bers, PVDF, polysul fone, polyethersulfones,
pol yaryl sul phones, pol yphenyl sul fones, pol yvi nyl
chl ori des, polyesters such as pol yet hyl ene
terepht hal ate, pol ybutyl ene terephthal ate and the |ike,
Metgam dusch aemsyl atesnsash afged ynethykiet haepydat e, iron or
styrenic polyners and m xtures of the above. O her
othersyathetiic netterlisalend igiclayds qed11ddses, epoxsesn, platinum,
urethanes and the |ike. Suitable substrates include
and HRLT QRQEOUSa fihé t maldeONin IR MRLAARSs | F8rmé hAFR MIdihPOFEbers,
sizes fromabout 0.1 to about 10 pm Substrate

51nte?@865h@5t§a%n@eéﬁﬂyﬂﬂﬁyéé(:émﬂp%g{%mﬂﬁ%féd EXal €Ss steel

hydr ophilic substrate naterlals i nclude, but are not

or nlcngt%QIE%gspoh¥§%§FQ§%4 ?h |IC Q?“y rgéi §§%, %gbrhcs and

ace treated hydr nenbranes

as Dura e re r oratlon Blllerlca MA) .
feltsEﬁﬁﬁBl% Fgﬁba?%ﬁhﬁt?g? CﬁrPal i ncl ude, but are not

limted to, polyolefins, polyvinylidene fluoride,

BBEy PEedRIrEGcoet HyS PRt © pdPy diadeonkrom  puRyastBenQRsnatural
pol yesters, polyacrylates, and polynethacryl ates. The
polympoiousnatevcilse i s Bremadldsoms heresubst naedul class of

materi al by any nethod known to those skilled in the
polymart, $och asisol ukeon phaseophyetscoN, include but are not
tenperature-induced phase separation, air casting,

limitéfackeet chiongo1stmi@lChi Bgch Si LT | @@nlye'tﬁ%@;@n@rsi,' l'i Pfeluding

etc. Because of the universal nature of t pr esent
ultrahDYENtiQP1eMhibyal | Yo gy avabbablenyBlhod, to S5eabeoByienes,
sheathed polyethylene/polypropylene fibers, PVDF, polysulfone,
polyethersulfones, polyarylsulphones, polyphenylsul fones,
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 microporoﬁs filtration
membranes, i.e. those with pore sizes from about 0.1 to about 10
pm. 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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porous structure is suitable for nmaking the supporting
skel eton for the menbrane sorber. A substrate materia
made fromultra- high nol ecul ar wei ght pol yethyl ene has
been found to be useful due to its conbination of
ch nlcal pertles chen1c caustic ame ®
treatefap Ha%E 0aPPRg B0l VHEI TR T’ t hé Bdbor Bt veDurapore
h drogel and bears _the chem cal groups (blndl ,
Mlllbﬁ%ﬂ%s§°¥@§565éPBPeBP&rQéﬂﬁﬁaép?ng gﬁ&mﬁéﬁélﬁﬁgt%ﬁdrOphObl?
inpurities. Alternatively, the coating polyner
materippksedsed udigeni caktgr aupss t hat arkinedsidy wodi f i apleotefins,
i ncorporate the binding groups. The coating is
polyvieyhidbie tHludrdie) ecpdbgtsoaf hatrpeioh el eise andpol henlfones,
inpurities can be captured into the depth of the
polyc&0sdhdiges/) NCreasi pglgdseeptive capadlitpacrieatysferred and
coatlng polymer is a polyneric primary 20 am ne.

polym fﬁ - 0fs Sui tahke DO BT isG PRI Itﬁﬁ%y agi nesAied Udeon the
pol yal1yl am ne, polyvinyl am ne, pol ybutyl am ne,

substP%é/'Mé‘c ?:Lalt '%?} a&;&eﬂew@&s WA ane @1'98&5“ %ﬂ‘ie‘éi'tgl the

yne S, as their respective protonate

rme. A coa de fr.om al Iyl am ne_ (and/o
. S onat e F%r’LFh% B iy TR e Lduced phase

hydrochl ori de (PAH)) has been found to be articularly
separqisedid . SPAA FaSEbRter ety HvEl bl e SERPEFS 1 BasekiPEETing,

in a nunber of nolecul ar weights, usually in the range
laserf domlli000 totdbs0, Odecawse alll tihesandaerselusedtfpe of the

creating a nenbrane sorber. PAA and PAH are readily
presersol dblvenicdowat erirfilnel 1 pHaofy aguedlsbbol ukitbwdof t PARriesite a

about 10-12, while that of PAH
porous structure 1s 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 its 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 1s permeable to
biomolecules so that proteins and other impurities can be

captured into the depth of the coating, increasing adsorptive

capacity. The preferred coating polymer is a polymeric primary
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is 3-5. PAA and PAH may be used i nterchangeably,

however the pH of the final solution nust be nonitored

and if necessary adjusted to the value above 10 so

that non-protonated am no groups are avail able for

reaction with a cross-linker. The coating typically
aminegonsEkempEss atofl easitabbat PRYvaRlve PY¥DRATY vEdime sof include

the coated substrate, preferably fromabout 5% to
polyadbplamineg ofpohevioyabmiyoeune pdlyiet gldstinat e. polylysine,

certain enbodinents, the coating covers the substrate
theiri Ropcdyhstrantwath y ondni drsthdhi gkaess.thiSubtabke polymers, as

t hi cknesses range of dry coating fromabout 10 nmto

well 8BOHheD9 RELPACERQES plrbrkektegaghbesmw.t h tthe- ol MEmd® from
make the latter insoluble in water and thus he on

I
polya(i:!r?ggﬂ_dfﬂéce Qnd N SypRor t%g%%fﬂgqogao%ﬂdt abl-g

i nkers are difunctio ncti ona

| ecules that react with t ati.ng polynmer and_ar

polya Ty FEMAE o' PRurbRBTentshl, aBiln: i DOMVERG, 2hfpe™ o be
water, A wde variety of chemcal npieties react wth

partlﬁ?%ﬁﬁ}y antRES! - nﬁ??yno%%bl?O@ESXFaé%}YCNQﬁ%$%able (Nitto
brono-, and iodoal kanes, carboxylic acid anhydrides

BosekjhdiRald degnbar defyded ecalrr wiisi@thirat edgsest&ysin the range
nitriles, am des, and ketones. A preferred

from &y 0688- ltionkeé,i09Opolaret el enehgde codn dbgl yeedylfcet hmreating a
(PEGDGE). It is readily soluble in water, provides

membriast sandeef f i BARNENJCIPOSIS dlrenkicdgi 18N G d1sidydrigphidtidy;. The
neutral, non-toxic and readily avail able. The anpunt

pH of0hg6EeSS- lsionker owsesk ivnd hes §086t Ngosebut LenR1ks thaged s pan
on the nolar ratio of reactive groups

is 3-5. PAA and PAH may be used interchangeably, however the pH

example

of the final solution must be monitored and 1f necessary
adjusted to the value 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 volume of the coated substrate, preferably from about 5%
to about 10%, of the total volume of the substrate. In certain
embodiments, the coating covers the substrate in a substantially
uniform thickness. Suitable thicknesses range of dry coating
from about 10 nm to about 50 nm.

A cross-linker reacts with the polymer to make the latter
insoluble 1in water and thus held on the surface of the

supporting skeleton. Suitable cross-linkers are difunctional or
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on the polyner and on the cross-linker. The preferred
ratiois in the range fromabout 10 to about 1,000,
nore preferred from about 20 to about 200, nost
preferred fromabout 30 to about 100. More
cross-linpker wl| hinder the ability of the hydroge

POlyf%CE%\%n?falﬂﬂlWF{LeFhEEaFeHSEEtt Wétgort&ﬁ VOAEFEC iR} ymer and
while |l ess cross-linker may result in inconplete

are set@ase| iRkiRg, chosen| eaydenseonehpehy fer psifedgldy matsr. A
sol uble. A surfactant nmay be used to help spread the

wide pueiniegry ¢6| wtheoniami f ordkyien theaent iwighsupfaverygf amines,
the supporting structure. Preferred surfactants are

most nowrtiabdiiyc, swdetds®) ublelorangd altkedrmdre, st ahbe. iodoalkanes,
Fl uorosurfactants possess a remarkable ability to

carbokPWeE Walgly suphagert 88si oandhesg1suiisact apt §eRY8es, o, B-

sold under the trade name Zonyl by E.I. du Pont de
p c Sui
unsat&? g%§? Fg%% 3%% %g}%%%H 5 d ﬁ%?ég%cepta q$féferred

iassel?ﬁ 3 P e T R oy S 29, BUFRSE 2 hen)

. Conp g Those ;tllled inthe art wll appreciate that
It 1s ﬁ@i?1 ggﬁ’f RYHHEE al'do HafShe W19t feshcenbrat§iohtcient
of surfactant used in the coating solution is wusually
crossthd i nunrBffounts ndedéPriol ligwer pRetsalut i dsnstiokdee and
tension to avoid dewetting. Dewetting is defined as
readikpormtvaridals. e .beadiThg upnofint i gquii d cowstshé isefracesaflt ein  the
initial spreading. Dewetting is a highly undesirable
coatimyesdldutdmgikobatidoroftidiemc neabraneoserbelcacsiinge groups
it leads to non-uniformcoating and

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, i.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 tension. These surfactants are

sold under the trade name Zonyl by E.I. du Pont de Nemours and
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exposure of the substrate, which sonetines results in
non- wettabl e product and reduced sorptive capacity.
The amount of surfactant needed can be conveniently
determ ned by neasuring contact angles that a drop of

Compaﬁgt%Eé”%?@k?%f%féhfﬁgl tﬁﬁ?éégggy Qﬁﬁﬁlfé vaﬁ%ﬁ%g ang and

erial por ous nam C

R e I T

dr awn fron1the drop of solutlon respecti vel
OCtylE%%%?%lﬁﬁ o¥YhabgSavided 119¢hetEEI 5 |@9W%rﬁﬁFEPBdX by
to have the receding contact angle of 0. A snal
The DRewurihedicahydaspiny.c powse t B&ildeddi Ly Bldsordst will
on a hydrophobic surface -optionally may be added to the
apprecohir i onhas aosperadsugf actthntPol yalsy| mdyeohod iss¢de The
preferred 23 polyner and can be used in concentrations

concefi@fgi igh f M aheuwhct@n®5 Wbelo tth abold BowtiYyof sbdtaion is
sol ution vol une. Wen the supporting porous structure

usualp@neﬁé REnfieRA! Iouet tr?é’ed’léd he & heogakutihen Lf1 RAloH™®urface
such as in the case of hydrophobic m croporous

tensﬁ}ﬁ”@é"ﬂ‘g\%lé H’Sg%‘c‘é% |d ¢an.0e;30dqd (O, tn'le% sol %écgrptaneous

trng ard can e any organi’c SolVent conpati
with the_caoating, polyner solution that does,not
beadﬂh%g&ﬁ VoF y L "Phe Wi%s SUFFARPNG Tedot LB L LHgpi BT F3AINT -
solvent is one of the |ower aliphatic al cohols,

pewet it abet 8néiahtlet Rt ok, < et oRREITP e TRRBAGEREr OF the

wat er-m sci bl e solvents can be used as well. The
membrappuriofes he dHdued drtganiegdsol gentnpg-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 1is formulated to have the
receding contact angle of 0°

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

solution as a spreading aid. Polyvinyl alcohol is the preferred
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the m ni num needed to effect instant wettability of the
porous substrate with the coating solution. Exenplary
wetting aids include nethyl alcohol, ethyl alcohol,
and i sopropyl al cohol. Methods of coating can inprove
e ti t . by I S | 4
Py A L LT on ey b T 5P REa " hes Ol Vb [ o Tom about
conjrolled manper _spo as to uniformy saturate the web
005 WRe | B2V RO hydl bphobl c-SHot s~ 0" a1 Bhe O THIC may be
done,  for exanple by extruding the solution through a .
RSR reR s PP Y Fig Wb, S5TUFS UePosESBRBki nvEy TeRdily
the web, in order to force the solution by the applied
wettegr eddilir etbe SQlWsiavh Pht Palieneiwebsuplr sohsiBkithedcpre of
the art will be able to determne conditions of
hydrophelssur Bicsppedoand mehbtrageonet rietrisiederhid cpnothecechled to
uni form coating. 24 A preferred process for formng the
the oPAltebrsubst make weotpPhgsesidhe:st eps ohnyl)opyepaci ngolvent
the solution; 2) applying the solution on the

compa FERDE angi i enyd NGE6ess hbicaWhnd f r e tibeonextgabal does not
surfaces of the substrate 3) drying the nmenbrane; 4)

negat%g%fg J%?W%@Ueér?gsiiﬂﬁkﬂgaagﬁ%t tyiicﬂ’g. of &'gsically the

ane; ©6) optional annealin e finishe _
menmr ane; and. 7)., opti onal ci reatment. of th
SOlVG%%nﬂfbn%behﬁgé %BSci%qﬁﬁﬂ'l§?lgg§%Fﬁti r??n§%jﬁre§§Fedacetone’

that contains a suitable polynmer and cross-Iinker. The

tetrabiydeehit 3t i oRSSSP L RESE St W%o%%ﬁ%nf’”étﬁét‘gﬁlﬁi% lenesolvents
thi ckness and degree of swelling of the deposited

can begoafpAgaswheeh -i n Ther gmogerti v fu%@x Faslesugr gaielc solvent is
menbrane and its sorptive capacity, as

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 in the art will be able to determine
éonditions of pressure, speed and slot geometry needed to

produce a uniform coating.
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shown bel ow. The pol ynmer and cross-linker are dissolved
in a suitable solvent, preferably water. The sol ution
may optionally contain other ingredients, such as
wetting aids, spreadi ng aids, and a pH adjuster. If a

hydy %'%%k%'r% HIAE | ‘isedfoﬁﬁ?hg surjace 5§€(§aon?8£strate

sol |on Wi ave t0 be Tow enougmn’ i n or def

comp%les*\&;@?g%%%@%g“on o BTt H{Bs S30tafinr b ppiving

solvent (wetting aid) vv|II have to be added_to the
the aQuftidh. OFo H& prewpredey t FETEFAPPnEAfifiTor A {UsA them the
surface of a hydrophobic nenbrane, a surfactant nay be
exteraddedunfades sof uttihen. sEpsiard e 3degémdllrmg 6het heembrane; 4)
chem cal nature of the cross-linker, the pH may need
curinto the redmechng); obferineiebf ectd tdin,eymg)ssfl it ngembrane; 6)
reaction. 25 The sol ution conponents and typi cal

optiocf@NCeiiiad 1 Diy r dFgeshar idisHed hBmbabhe;l:addBbE loptional
Conponent Rol e Range, w.% Polyneric Hydrogel form ng

acid %réét%hﬁ!ﬁ@f %’Hé“?né’i‘rﬁﬁ%rrfg'\f?oreooé é@fflﬂl%ﬁ ldnk6lution is

fects 0.01-2.0 formation of rogel”  Surfact ant
prepa?g&f %%g%n con%rz;u%s3 ao SM4EL Cloatpori%/mer 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 1in a
suitable solvent, preferably water. The solution may optionally
céntain 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. Agqueous solutions of polymers typically will not wet
hydrophobic microporous membranes, so an organic solvent
(wetting aid) will have to be added to the solution. To help
spread the coating uniformly on the surface of a hydrophobic
membrane, a surfactant may be added to the solution. Finally,
depending on the chemical nature of the cross-linker, the pH may

need to be raised in order to effect the cross-linking reaction.
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submerging the substrate into solution,
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with solution is subsequently dried.
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applying heat
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menbrane sorber at an el evated tenperature (60-120C) to

adjust its flow properties and treating it with a

strong non-oxi di zing nonobasic acid at concentration

OIMto 1IMto protonate the am no groups present in
coatin olyme PAA conyf n

severgls fitita [0, TS ierth BVEuES | Hhehe G SPariikeS can fully

correspondlng annonlun1salts after  heat treatnent of
reacty h&idnbr ke wPrH YREEP er%ﬁﬂses‘édﬁé‘?lé“tgencvakﬂf Dene cptionally
product. Good water wettability is inportant. Since the
accelppabegmtist | aPPilyiver yhesdr ophE%?c wmreéﬁ%yaﬁopwmﬁ@quent ly
coating is very loosely cross-linked and not
rinsedovaliéht | yoatittachedanaunte ohtrerlvsote laatder alried again.
shrinking of the PAA gel will cause the nenbrane to

Additbesame dpati omeill aplecesth svadey . ialtbe ddtresahiang, thief dried
essentially all am no groups of the PAA are converted

membréﬂéoso‘égéﬁce%ﬂonz% ng18yHBSH URLsakLa L uthe Iar@aq@@?@d to adjust
vol une of the dried coating, greater retentlon of

its f%@%eﬁégﬁeQQQQJer <9n§rég@%€é Fgﬁgthaff'ggﬁéﬁéc%?%ﬁéqulzlng

harge yner Wi

- t ’
nonob g3t Gi g abrc Cﬁ?s?%f%%F£8€% Akt tPs HndbhsPEoEgnate  the

avoi d ionic cross | i nki ng of PAA, should be used to
amino g P oRatREPAANF 0 Nt B C2FE ¥ pose. Suitabl e aci ds

i ncl ude hydrochloric, hydrobromc, sulfamc,

et hanshef e lomen i thl BRbacepheerahtot sisslensrieddet il amino

acid. Although chloride may be the counter-ion of
groupghdincetls¢ npelyiter siatoeadyrpsesentinion direosanpl ealts after

protein solution, it may not be practical for a
heat €¢@BhitnEAYUS I OEkSS meabuaechwdrnacherp ceagule consistency of
the product. Good water wettability is 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 PAA 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 monobasic to avoid ionic

cross-linking of PAA, should be used to protonate PAA for this
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and/or its salt due to the corrosion of steel and the
occupational safety issues involved. A nore suitable
acidis thus sulfamc acid (H2ZN-SQ20H) is preferred as
the protonating agent for PAA. A suitable process for
oton : Pge PAA ks t Ubyer aney i ;
plHpo%é.'l-o. ? sotm?i oér?é%dfgt hfeh%r ot onat Or%@g% , é'pr gkflié@]é I?omlc'
sul fam ¢ .acid.in water (or wat er / al coho|] .m ,
sulferify y NSORGUIHE o ador by ECPLRG CRoa6r ang) . T5T 1 BigA°acetic
by rinsin and drying. The resulting nmenbrane w ||, .
acid. pehttagreRnsEte Sddme Sy i hstRRhFEHNRRY B8 e &S |§f0tce since
exchanged out by enploying a sinple conditioning
it isppbrerey, Psaehnas 10. Siesea@iphchpdiodeiide SOIUVEY byt may not
0. 5M sodi um chl oride. Such acid treatnent inproves
be prshelitali fferstabcbntynobusherateds ane, uand haidwatedsutits acid
in a significantly higher strength of binding.
and/oAl thesighskhe presenttd nved or soshesl énnobfbe ddgdlt ecand  the
to any particular theory, it is believed that when PAA

occupdSi Md edsaicBeihe JUldy PRObOvatied (ARCighid eahedipstatid is
It assunes a nmore extended, "open" norphology that is

> _of_ bett e ul at i u i :
thus SEREAE D2 | Mgy RORESY B! BRI AL A Y [beO8nating
reac A further benefit of acid-treated nmenbranes
agent i 1 Ohiifter stability towards ionizing irradiation,
such as ganma irradiation, which is an accepted
Kt 8RiFRRARI GF OGGc ebiviF ePEBECRRILREL itHT pFoldudfs.tornfegmerge

critical paranmeters define a successful nenbrane _
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, it is believed that when PAA is dried
in the fully protonated (acid-treated) state, it assumes a more
éxtended, “open” morphology  that is capable of better

encapsulating BSA and thus will not release it until a higher
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sorber product. They are: sorptive capacity, flux, and
strength of binding. Wiile the strength of binding is
to a large extent determ ned by the chem cal nature of
groups presented on the surface of nenbrane sorber,

acity.and flux usual | en tlve
sonicy RESRGELGUTS GRBFOTEA tot ARG SBIRETbE. draydr dngreated
t he ampunt of polynmer and cross-linker, It is of en
membrpedr vl (HH2 Y~ & tGtert 'WonbPHAEPSN b‘PnsEbBSrt%ﬁadlatlonf
skel eton, purification eff|C|ency (determ ned by the
such |3&d %@m@%tﬁléﬁ@laéﬁéﬁmCaW hat udé oint Receprascaneterilization
sorber, greater flux can translate into smaller
proceSorotfoe tapacat yon apdoducesversa. Figures 1A and | B
show typi cal trends observed for a nenbrane sorber

P epar ecr acLes Ui NGga t méber pr esefiind nvent s 0dices £FOM membrane
t hese graphs, the trade-off between flux and capacity

sorbel Spr8AMEQUS Thkly iSrsSeedot v@O&ngwtk?ndeEQSSéﬂdw§%rength
have a direct | eraCt on hese critica pr Opertl es of

of bihaﬁ gen%@gq@ ﬁﬁﬁpestrg tHGEEOQH)%ﬂ}f tﬁ?t 5'EN le&J]extent
oL e K

rcation, Fane  sorb shou posse
both h| qu d h| h capaci ty
deterBined, Hh.th B3prossc ﬁrsﬁPsnﬁ%eg%%wO@ onthe
units, CVYnln/pS| mhere CVis Colunn Vol une. The fl ux
surfage gt @§mBF9€ﬁ é&ﬁﬂﬁ¥uﬂﬂ%ﬁﬁ?%ﬂﬁn%ﬁ%l?lﬂépéﬁ&sqﬁ¥QA%¥ a lot

colum height, which is usually optim zed for
more @enséitdie siépaiiafsu drogeflus eeplonpd aficonf ek hdhge sorptive

menbrane sorber, efficient columm height can be
layerdehﬁnédeyamhenhimﬁhummhﬁm@htandqmnﬁﬂﬁﬁkimﬁdmmt199j9996ften

renmoval (LRV 4.0) of a negatively charged virus, for
obserex@mMhet 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 graphs, 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/psi, where CV 1is Column Volume. The flux of a
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MW. This col um hei ght was found to be about 0.5 mm

for the nmenbrane sorber in the present invention. For
added assurance of virus clearance, colums of double
that height (1 nmm are used routinely t hr oughout this

t A d bI menb b
sivensi et i ehe o aPa e Stefaalt B 0 rew rarpel drionts
ter, nore preferabl 2.5 CV/mn/psi or better.

WthhAéﬁI@@Pﬁé Hh&ﬁﬁkﬂﬂz%ﬁwﬁﬁﬁaffghcb?n Iﬁ?pﬁﬁatéﬁﬁacﬁpyq%ﬁe of
exceptionally difficult. The present inventors have had

an aniengexcypggict %%lﬁ@I@fn%e?Qﬁéer‘f@uteiﬁfelCé)@é‘ér i pehEAR| delght can
concentration optimzation to achi eve the outstanding

be defiopsitibgs ohet heinmenir amei gor berequioredexampl effebe 99.99%
cross-linker was judiciously chosen to be a highly

removal exil®ve, 4po) yred i & magcuivwehathprg¥an viely, for example
beneficial for high sorptive capacity. Using

MMV . 'T'Plt &r nesh ae h@bﬁ%mv@és vwebghy @t RAA L18u00Q). dagm for the
| owed achi eving a bal ance between flow and capacity.

e IABnLE g s kil B % St o

0 AA coul d be used to a hlevg hl%g %aﬁ$0| gg oi_ce sed
virus F “84PF&EL aft® sdu% at'8UPby Fa¢ Cﬂé" Fﬁ'@ d Fér Vo€
a non-ionic, caustic-stable conpound whil e the anount
routinely rfRQuHoNeeddtts 30-WES tHGnd Pn desepabace of a

investigation. For contrast, a PAA nenbrane sorber
nembrphepgesdeirn veiddor guAbe qmltqmnpelmﬁqigt apphieatdeonatuyseast 2.0

2005/ 0211615 has flux of just 0.5 CV/min/psi for 1 nmm
CV/migobsimer whkitltert, hendBSA capberdlyly s2obl ¢Vvdbdut/p61 ngf hetter.

Anot her inportant aspect of this invention is the post-
Achieving the right combination of flux and capacity 1is
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 welight 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
PAA could be wused to achieve high capacity. The choice of

surfactant was dictated by recognizing the need for a non-ionic,

caustic-stable compound, while the amount of surfactant needed
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treatnment procedure enpl oyed after the sorber nenbrane

is cured, rinsed, and dried. The inventors discovered

that treatnent of nenbrane sorber based on polyneric

primary amines with acid significantly boosts its

trength of bindin wet t abi it and t abi |

FORSTd<iT off 2 FRGoFdiiear FORES B GEE {300 ST g thacbver §  PAA

made by the inventors was that acid treatnent

membr§P§nﬁﬁﬁ§%ﬁIBF?R%?%%S%% ?ﬁéo§ﬂﬁéﬁ§tW¥ﬂhkﬁ§ﬂﬁ%ﬁ9 gpplication
menbr ane sorber, from about 54-58 nS/cmto 78-82 nS/cm

Us 2Opﬁ/oéé@lﬁél5b@aﬁy§dwlxe9'fz@'dJStthé?t-E\Mﬁ?éwr@'mo(nssi drdedl immt felumn,
fully protonated (acid-treated) state, it assunes a

whilenbhe BRRendpdcityopendnipr pholivgylthaimis capabl e of
better encapsulating BSA- and thus will not release it
pAbthea hirghertdoni aspekengdh. tHiiss ihesgtibnWass the post-
uni nt ended and surprising, yet it is very beneficia

treatﬁéﬁgepﬁoeégngé eBpusyall ¥ rilanshal s idi0 NGt &lne %s cured,

renmoval of trace inpurities. The perneability of the
ro [ P or e
rinsef O, Bt i h SR B CciSoapltd TRAYCtitheent of
cross-1inked. PAA-gel has Rhe ability to absorb . .
membréf’@m?%%?ﬁ 5 t “Rat BPLYBSOLE i dyf 1R OF dgle NG with acid
magni tude increase in its 31 volune. This effect can
Slgnléaeélét%wb@@ﬁ%abﬁﬁ FLIPRIAPpedr sPERALNgt hive tiedypdritiy, and
of the gel is reduced by dehydrating it to such an
stabiléxtgntovandsi tonedicesrafiéatwenling to an acceptabl e
l'evel, w thout conpronising the strength of binding
Andecgpaciroy iofindhedi gedvedyn hadd , by heheurdinvgproocessas that
I's capable of tuning the
acid treatment significantly increases the strength of binding

was

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

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

amount water resulting in orders of magnitude increase in its
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perneability of the nenbrane as necessary for the
product. Suitable curing tenperatures are about
25-120C, nore preferably from about 85-100C, and for
about 6 to 72 hours. Ganma irradiation is a wdely

ccept.ed rilization rocedure for .filtration

vorunBy CORAES S Gl s BLPERT Y Pesgbegabl S e, that

., of a nbr%n sorber. The jnventors. gobserved a .

this BEPRRFEYng hERE! PE of Sadie Tontad Arifertq peuch an
the fact that it had a greater stability towards

extent orfitAathg iitr r a8FBEFBN. EheFi §Uied 12ngenbhstaat é§CBgAable  level,
capacity of nenbrane sorber sanples (control, not

without egprdraini hingi dheand rehgsé odnvercedd mrgl eapmmitumof the
sul famates. All of these sanples were irradiated with

gel. Zhn k@Gawf, eltkéet ronrthegm poocsessl ate gapaplst ewifl | zahiiog the
conditions. It is clear that acid-treated sanpl es

permefBiDi 8N dheidhe PreR@AdRs Michnbetkebrihafothethe product.
non-acid treated. The thus formed ani on exchange sorber

Suitaﬂaﬁepgﬁﬂﬁg' %lnyﬁsera%ﬁ&gg when plRged §.n & Mab ;ore preferably

m
purification chromatography schene. For exanp?e,

rrom SHbLHTEsTipbdel nelydiog fpnoct gnal patifedies can be
purified using a ?|n|?y chr omat ogr aphy, “such as a
Protein, A or Protein G affinity_chromatography, . ,
ST wed TBFIGAG 0P more 32 WARFOH eXCIERGS ol finfsi1ization

The output fromthe final cation exchange colum then

procegare b 1 ok d trRESQEh PReIPEES entCagiidon tediagfdel Lity is a
~colum for significantly reduci ng the concentration of

desiraleb¢ dhahthost ofehl mprbtreings souiberseshenuial et act dgyserved a

endotoxins and other inpurities in the fluid by
surprcausy ngenbkése imfpuacidesrtoted membrane sorber in the fact
that 1t 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 is 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
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bind to the nmedia under appropriate conditions while

allowing wuseful, purified product to flow through the

exchanger. Inportantly, further purification of the

cation exchange pool (the output fromthe cation

exchan e colum(s ) usi n the ta ni ex e :
Catl‘”%ofﬁé - bgoégg%hpllsh vw%qﬁ§’%:t%20%§|gﬁfflggﬁgg cation

dilution of the cation exchan pool that .
eXCha%%ﬁsghguBHm?%ﬁ%eé@%&a? Xﬂl(ﬁ%ﬁ thpopd uéggihgrgﬁﬁpt anion

concentration (and | ower conductivity) to enable the
exchangsst cedpmn Pt & i itfol @rtdet | vRIyChihdtbendeagent@tion of
sorbers of the present invention have very high
residirhdhogt capadi tprahesimsat highsesal hucodrdentacdatdsonsergeitoxins
conductivity (e.g., >60 g/L BSA binding at 200 nmV
and otNa&d ) impenei el éowihorhauchuhdgber dammss nloadiawe thepurities to
conventional sorbers (e.g., 3 kg/L conpared to 0.05

bind k@/ Lahémﬁl@alat Wk g %?%'r@ﬁr@é@@a%@é)ior@é)ndllhtlll@nsallow1ng
see Exanple 7 bel ow e ability to reduce or

usefu]te,lhleg%ﬁ 1%(95%&19&06 o at{ﬂrocﬂ,l ixaliange-poole due to

acity at concentratlons of t he

nst or ber a SI nlflcan advant a 33
oA S poruisted S, AbFEBREAEE Whodti 3HciPR, cenance
at_relatively_ high salt concentration and_rel atijvel

pool KRR SHEDUSH SEQF Phe £ 18 (CHONSH r 501BRE (51 ) 106 4md the

and 150 mM still resulted in acceptable renoval of
lnStaﬂﬁré@}OnTﬁﬁ§@Qﬂg¢lé@rbﬁﬁtﬁ?%rbewqchWEkﬁ%mﬁﬁe@ﬂéPQUt the

that for some applications, the downstream polishing
signifCaranted didtutbhyort heobnetlor amrieorcatéorhaxghanyeo kol umis was

may not be necessary, and the
conventionally necessary in order to reduce the salt
concentration (and lower conductivity) to enable the host cell
proteins to effectively Dbind. Indeed, the sorbers of the
present invention have very high binding capacity even at high
salt concentrations and conductivity (e.g., >60 g/L BSA binding
at 200 mM NaCl), and allow for much higher mass loading than
conventional sorbers (e.g., 3 kg/L compared to 0.05 kg/L) under
typical cation exchange pool conditions, see Example 7 below.
The ability to reduce or eliminate dilution of the cation

exchange pool due to the high capacity at high salt

concentrations of the instant sorber is a significant advantage.
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i nstant ani on exchange sorber can be placed downstream
of the affinity colum w thout intermedi ate cation
exchange colums in between. Anal ogously, for sone
applications the instant anion exchange sorber can be
pl aced downstream of the cation exchange colum wth
no need for capture (affinity) colum preceding it. The
foll ow ng exanpl es are |ncIu ed herein for the ﬁuropfo
Bie | PFGSTRAar PORCORAA A0 Mottt chdBOPESE | PRI Vefe OF Vviruses
i nvention. Exanple 1 (PAA on hydrophobic UPE) An
at reaqiéygdysohughorfakds prepapsgatontal Mg 20-aitiwely high pH
i sopropanol, 9 wt.% PAH (nol ecul ar wei ght 1.5,000), 3
(pH' s WE % . bi ahhumaﬂ)tdrapdmmtdrwrtr aﬁé,lQOV\ml}’J‘Voaﬁrﬂi 1G9 mM still
X-100, 0.5 wt.% PEG DGE (nol ecul ar wei ght 526), and
resultted WM .JLe@shyabny| rahewdidl of (vinhe€ul ar wei ght 30, 000,
degree-of hydrolysis 98%. A hydrophobi c UPE nenbrane

Ml e p@}&ﬂﬁéaelﬁagh@gagt%l@m was of @ap»feda%ttteeekwaﬂ hfor some
this solution, and excess |iquid was nipped off.

appllc,@gl gTbr@rmgw&@ﬁnglakggm%owgmhsn?s&maeofu ﬁﬁ’t mréne or

'nsed I ous™ anmounts wat er an hanol
dried a nmenbr ane wet.s readil
nore  JiHF b RO oRIdCOSHTBE dtnt oo TR BRYRCCPAYer nd the
Ml lex(r)-type syringe device was manufactured from
instanthi 3NAeRLrAHE AR ARSPETs i ackeaPda s BO8NEhPeaRd °f the
colum height 1 nm The device has a flowrate of 4.3
affinigw ntalpsh, vBSARosEpael termolimf/ad cabhen serehghgcofcolumns in
bi nding of 54 nS/cm Conparative Exanple 1 (PAA-GTVAC
betwean. hpdedphobisd yWPEfor some applications the instant anion

exchahge 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)

o©

An aqueous solution was prepared containing 20 wt.

o
o

isopropanol, 9 wt. PAH (molecular weight 15,000), 3 wt.

lithium hydroxide monohydrate, 2 wt.% Triton X-100, 0.5 wt.

oe

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 pm was fully

wetted with this solution, and excess liquid was nipped off.
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The nodified nmenbrane from Exanple 1 was further
nodi fied by subnerging in 50 wt.o of
gl ycidyltrimet hyI amoni um chl oride (GIMAC) at pH 13
4 ho Lin dV\/lthvvatrand rled An
The n{e%k}ﬁz é; gr eeg'( r)att yﬁgorgy?c STDCT dc \%gr 24 hours and
nuf ctured from thi s menprane that has a surface

rinsed QiG] §OBIGHE TREOURLF o hal ™ | BUFr S By 72nd dried
CV/mn/ psi, BSA capacity 80 ng/m , and strength of

againp; n@bﬁg“@f“bfgnﬁsﬁv@ﬁﬁs EERearat iMid PERERsIte 20d SIAT anptoht add-
acid treatnment) The nodified nenbrane from Exanple 1

on ofinagbputrt hETr® nodiAn e¢iogby -sabeer gilhhl ¢ @O0 G\ selyutinge ofevice
sulfamc acid in water for 10 mnutes, rinsed with

was mdeudaiczedewatferoranchis i edmbAanei ghiatl ayes a surface area of
MIlex(r)-type syringe device was manufactured from

3.5 chhi snaegbnang Hdahthas @nsur face aEeacOf hdsS5aC clherate of
device has a flowrate 35 of 4. 3 CV/m n/psi, BSA

4.3 c%Rasl/byi80 gEH Mhap tipgn DL pdiag.aE80 o ¢
rrg /bcén'par ative %an’% o g/ aqueous so it F%n was binding
p ed containing 11. % PAH (nol ecul ar wei ght
of >4 7@§P§% 18.6 wt. % 1. O\I sodi um hydr oxi de sol ution,

11. 6% sodi um chl ori de, 23.2% of 17% aqueous sol ution

of epi chl orohydrin-nodified pol yethyl enem ne. A

hydr ophobi.c UPE nenbrane with pore size rating 0.65 pm
W& Vi femPdRadol (PARn& o RYesRrRebas HRE

the about solution for 5 mnutes. The wet nmenbrane was
Pracwgdiif lgdpoigditgrieenérém| mxbagland. t hes Hagtles modified
pl aced in an oven at 85C for 7 m nutes while being
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 0.7 CV/min/psi, 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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careful not to dry out the nenbrane to initiate the
crosslinking reaction. The wet nenbrane was then
renmoved fromthe bag and allowed to dry at room
tenperature. The dry nenbrane was thep@lpl aced in an

of 4 oYer WUNHDFESFor Bdur FRAS o EOnpleYBlyheand strength of
crosslinking reaction. The nenbrane was then thoroughly
bindipgshed8Owi® hcmat er, net hanol and hydrochloric acid (1.0
N) and allowed to dry at roomtenperature. The
menbrane did not wet with water. An eight-1Iayer
MIllex(r)-type syringe device was manufactured from

this nmenbrane thatohparatsvéfBeampreaszof 3.5 cn The
device has a flowrate of 0.5 CV/ m n/psi, BSA capacity

%ﬁe@@én1so?@910§trﬁggth S Qk@@'nﬁo@@a§&1ﬂ§ycﬂl.§6 wt.% PAH
anpl e 2 (PAA on hydr Ophlﬁ)l ¢ UPE) An aqueous sol ution

<moleéf@§%50)‘9§% ) E%é%%%% %‘?P S 57 e B o Phgpide
sotut 48 P et ERL PR £ SoPbt Pan.® ea5§‘t' bt ion

was _ ni pped off. The nenbrane vvas dr| ed- room
of epighper ufiélflomoﬁarflﬁ@ur@lyq%&ﬁ%w%opﬁow%%mb&c UPE

of water and dried again. The eight-layer device has a
membriewiiahe pofred . sG z2@V/ rathipsi 0 - BSAuncapacipnew8d myli ,methanol
and strength of binding of 49 nS/cm Exanple 3
and diPekyviynydtoam atesdnwhydr opghd | ebolPE)sdAntaigueofisr 5 minutes.
sol uti on was prepared containing 20 w.% i sopropanol,

The wétWneHop@neviwvyd grheed(hupam gb 800Gy BASE €01R. bag and the
Mount A ive, NJ) and 0.5 wt. % PEG DGE (nol ecul ar wei ght
bag w%%6)pléﬁed 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 temperaturé. 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 0.5 CV/min/psi, BSA capacity 61 mg/ml, and

strength of binding of 81 mS/cm.
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hydr ophi li ¢ UPE nenbrane with pore size rating 0.65 pm
was fully wetted with this solution, and excess liquid
was ni pped off. The nenbrane was dried at room
tenperature for 24 _hours and, rinsed_wth pi ous
anount s of aFBreadd (FBPhSRoPYSREPRLLEE Ugé in. An
ei ght -1 ayer device was manufactured fromthis menbrane
Amaedigous seplatéonr et of PIepagRe TheN bR ERIhdd awt.% PAA
flowrate of 3.1 CV/mn/psi, BSA capacity 87 ng/m,
(moleanthstwebghh o6, BDAUI rgd Of 53Ftn/ AHG-ILEEXamplecular weight
(Pol yl ysi ne on hydrophobi c UPE) An aqueous sol ution was
526) . Pr epakedopdntaicnivre e x e | wOp opanel si4ewrading 0.65 pm
pol yl ysi ne hydrobrom de (nol ecul ar wei ght
was 20:10007,2@tQ00) widnWM e #4 &1 thium hydr oxirde aneebydratguid was
.% Triton X-100, 0.25 wt.% PEG DGE (nol ecul ar wei ght

wt
nioped28hg, %1tk ekrdhEoL XY B ool kel gt veloor 24
noues TR WDPOLG 220 C13L0D 0185 OIS I L oq again.

ni pped off. The nenbrane was dried at room teqperatune
The efgptoAakslr SHHLS | Rddd 2w FHEopREEs Umobing s OF MmNt BSA

and net hanol and dried again. The nenbrane did not wet
capaciiiy h8 vanefmandaidds weerghth aeidl-oindbouto Do 9 ArS/cm.

ei ght-layer device was manufactured fromthis nmenbrane

that has a surface area of 3.5 cnR The device had a

flowrate of 7.1 CV/mn/psi, BSA capacity 34 ng/n,

and skaapgeh 30f(Philpeiing10am3AenBhC lydosphpie o5 UPBAA on

acti vated Sepharose beads)

An aqueous solution was prepared containing 20 wt.

o°

isopropanol, 7 wf.% 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 copious amounts of water and methanol and dried
again. An eight-layer device was manufactured from this membrane

2 The device haé a flow rate of

that has a surface area of 3.5 cm
3.1 CV/min/psi, BSA capacity 87 mg/ml, and strength of binding

of 32 mS/cm.
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Agar ose chromat ogr aphy beads were nodified wth PAA 2g
of Epoxy Sepharose 6B (CE Heal t hcare) were suspended
in8mM MIli- Qwater, to which was added 10 m of 10%
sol ution of PAA (nolecular weight 3,000). The pH was
adjusted to 11 wth sodium hydroxide. The beads were
gently shaken for 24 hours, carefully ri nsed Wi th

wat er e i ger e.
38 chr ?Q?ﬁ%;% y c%}gﬁ%ﬁé%é o ﬁ%%{%%%ﬂ iﬂgd beads
olum heig 5 cm col um voI and .
%st é&uePPshaoscéé}&loé’apav&ﬁy Eée%aﬁﬁn%m cg,q&agé WE.3
nS/cm Conparative Exanple 4 (PAA-GITMAC on acti vat ed
lSOPr@é@m%osé b&¥ad$) PPRALYBHRE | d HPhiese dseadBoflpelar weight
nple 5 were further nodified by reacting themwth
30, OOQ%@;D@@J@) on of @deathpmllhymmeghmonﬁﬁe’m@é;@s 1 wt.%
were carefully rinsed with water. and stored wet in
TritoneKrilger atdar Spritors t PEGSEGE A(ablesal agr aphyheols@d) wasnd 0.1
packed with nodified beads (colum height 4.7 cm

wt . cpbywlwiur@lcéh@i Moo BOEL1 &5t egle i §ht hath BSfo capagdidye of
87.3 ng/m and SB 25. 4 rrs/cm Exanple 6 Menbranes with

il ]W wer %@i [ I
hydrdgy}?%geg devi ces an teste ]Tor i rﬁg retﬁ?l cng%'Ltall g&% size

o\

n _Tabl owsh Wthelrrp t _of increasin
ratlng Pt’ cyncen rafflag% Yo' and- reter?tll hts Asag]ed FHCESS
n the Tabl e, MW dat a for he Pal | I\/Ust
Liaui o it ane (SEEEngER ot bi qEn rﬁéﬁcmwaﬁqow?ﬁlh%ﬁ (He oom
LRV drops with increasing conduct i Vi t%/
temperature for 24 hours and rinsed h copious 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 7.1 CV/min/psi,

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-
Q 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 réfrigerator prior to use. A
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whereas for the nenbrane of the invention (i.e., high
strength of binding), conplete renpoval is observed,
even at the elevated salt concentrations. 39 In

addi tion, the HCP renoval was significantly better for

oen SRR S0 TRRHEL AL MR g (conomn
helghg‘:%z@?'%ﬂ;%gg TR PR e S TS nsn

beads sold sham which has a nedium strength
Capacb?yb%ﬂdﬁn@g(mleandaﬁﬁr%§|W%f%my 30 nS/cm. It should
be noted that these LRV s were obtained wthout
significant | osses of product due to non-specific
bi ndi ng of the nonoclonal antibodies to the
Complanadtiiven dxiapgd. erdni(Pile-QIMAE. ont hetizaiterd: Sephargee beads)
properties effectively repelled the product from the

PENDhaner s88f aggd ro LBl 2 - fHdUS Exempual 6X- MILY) Bsrther
a function of Salt Concentration DEVI CE X- MuLV LRC 50

modi £ Iy SgJt ﬂé&b@ﬁﬁéakheﬂw¥ifﬁ §°>%dﬁu€%ﬂd 33- ol 40 pu 11

TABLE 2B - Virus renoval (MW) as a function of Salt

overn%?ﬂgen&??gkggdgn%egg %%%e%%;N§QrJQQ$§”Hl€ﬁ'&H&éﬁ‘é%hr@4ored

i S bu

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 MuLV 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 is observed, even at the elevated

salt concentrations.
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=

50 100 150 pH 7.6 pH 7.1 pH 7.6 pH 7.1 pH 7.6 pH 8.
(7.2 (12.2 (12.1 (17.2 (17.0 (16.6 nBS/cnm nB/ cn)

nS/cm nS/cnm) nS/cnm) nS/cm PAA > 6.2 >5.3 >5.3 >
> 5 5 >5.4 nenbrane sorber Pall > 6.2 2.1 2. 8 0.6

épgi % onaég,Ant E}IS’E’S. es agpoggg?k%oa%ﬁ ?ql % trt@t%r for
p
the P@@S/ w@é’éﬂ"%%pe KT Refrov r”Z%%a%wgaa%’%?n%@n salt

C\/) Renmoval 1) (@4 CV) Renoval 400 CV 4 g/L Mb
Chemlatmo 7 (BBBH-6Y3¢40 DOnUFaGEPIRED 2CFOFHBG0 1% défalﬁib/%ratlve
3.7g/L Mab 22 200 85% 30% 0% 3 Exanple 7 A 0.65m UPE
Examp hend) an@ swesewvai ed Tabtlk $% PABoandhe. 3istPEGDGEabAet e the

pil ot coating machi ne. The nenbrane was extracted
control was Capto Q beads sold by GE Amersham, which has a

(62}

.5

medium strength of bonding (i.e., aéproximately 30 mS/cm). It
should be 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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and dried at 85C in a convection oven for 10 m nutes.

One sanple was left at 85C for 12 hrs and the other

was stored at roomtenperature. The nenbranes were

then treated with 5% sulfamc acid in 5% i sopropy

al cohol to stabilize the coating. The perneability of

t he nenbranes was then nmeasured using a flux tester.
he_tine r Sgpnﬂ of vater

In,this test, t ak 0 S
TRBLE (28 10% o HEHEY anSRERRt e (BMQs ot iBnal oy ehd. oL - salt

under vacuum (27.0" Hg) is neasured. The

sg. cm
Concenpay 3t PFisted in 42 Table 1 were manufactured
to

Devicees(ilt of th&adl iGapoandrationsdan 25) miy

emonstrate the inprovenent in perneability as a
i i | ; i s/ bufifigs

"noh- cur ed" nenbranes have significantly higher

flowtiB® (i{ndicating0®ower perimeability) tH&EBDthe

“cured" nenbrjanes. As seen from|Table 5, the curing

steppgan hee to7.cppurol 7t rmepbl [phy ande ([pH 8.1
capEETFV_BT‘TﬁggﬁﬁﬁﬁTéﬁgs as dqéﬁfed. A btne E
menbranes had str th of |bjngdixng be e
gneg @1%3% RAgth f#lnf_j'i]i (y9ep (16.6
[} N

60- 7516 Tabl nmpartsorr of mes=tor uurgu4*
and| pan-cur ed nor ane No condi.t,ions Hl
(168800 oolguttes SopmsrSn o0 (E/d8 COTRLYERDS Tty em)

020307-60803 2650 020307-160803 85C 12hr 106
PAR  Tab| e 3:84% odesgiAg3Conditidrs flor 2MBaBr ahe Adbct ber > 5-4
membrane
sorber
Pall > 6.2 2.1 2.8 0.6 0.9 1.8
Mustang
Q
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UPE Lot No PAA Roll No Cure Cure Flow Lot No. tenp
Tinme (hr) Time (oC) (s/S00nf) UPDP 60821 103A 100 16
58 101 006R9 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

1 -
maoue $L15075 90,4280 0006 ) UE 0001 BLISOT,, 28 A S

coated with 9% PAA and 0 ? % PEGDGE on the n.lm
Producicoat i rigREEH: ety THEPIBABR AREO TREVBS pREPRRL ed Oy QiR EerRary
wat er land net hanol| and dried on a hot|air inpingenent
(Pro. A Paplyer |dMS(9C. The (rgmbs welr PAPheRt Y JJR@E%%Ilto %‘H‘Hnﬁﬁm
at varlying tenperdgtures and tines as shown in e_tabl
bel ow.[ The menbrarles were t|Heff Erl&at (@015 sﬁ?%ai
acid ijn
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 0.65pm UPE membrane was coated 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) is measured. The membrane lots listed in
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5% i sopropyl alcohol to stabilize the coating. The
perneability of the menbranes was neasured using a
flux tester as described in the previous exanple. As

seen in the_tahle belaqw  flo n th order of 50s .
Table oo HE L6t SFHBASY SRER | ) CRNIRRRGTe (0% cABRFUGRERt in
r eat than 90C for |2hours or longer. In case
Perme%‘%%%%fﬁe%svxﬁt EepBwer fpéhfe SOy S(tﬁapgheﬁs fIRR t1hesable 4.
on the order of 100s) are desired, the tenperature can
the ‘Wen-avnesd t nebbirewesshand foganidHerardrly | gheg| oh}ow-time
44 What is clainmed is: 1. A porous sorptive nedia
(indicatpndg simgea sebséslat bibtayi tigam the r3¢uesdérmahbsames .
and a second external side, both sides being porous,
AHd 0r gusnt hirgknesss peteeencubery sabgd sedst af eused to
having a sorptive material substantially covering the

contrSP! "ghémt]ggéf‘m@ibifftp?lméﬁcﬁ at@aﬂﬁ'éé%@f' dofirshe afﬁé’mbranes as

second external surfaces, sal ive materi al
np | k pal r Vi 1at e

de51re<§) };if Elge mgfng Sg %%d ‘Qflhe por%ﬁrs r{slygcr ptCng'ngln]’gdlng ]?etween

cIa|n11 mhereln said crosslinked polyner is present
00-751%: an anpunt effective to produce a flow of at [ east

2.0 QVImn/psi through 1 mm bed height of said nedia,

bi ndi ng capacity of about 60 g¢g/L BSA binding at 200 nM
Table NaCl Compa popbusSledrpinge hedi auotd chrd R~ GREER@I n
membraag ¢l

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 Roll No | Cure Cure Flow

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

UPDP 60821 103A 100 16 58

101006R9

UPDP 60821 103B 920 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
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crosslinked polyner is present in an anount effective
to produce a flow of at least 2.5 CV/ mn/psi through
said nedia. 4. The porous sorptive nmedia of Claim1l,
wherein said substrat ?x%gn rei $Fs a M cr opor ous
menbrane. 5. The porous~ sorptive nedia of Caim4,

wherein said nmenbrane conprises a lyol efin. 6. o
OTRE HPolEls TSOIHA e Hioki B BFS SPREES WEFeidt iy nd 0.35%
pol yolefin is polyethylene. 7. The porous sorptive

PEGDGEnedira ofhel abmleE wsediimsaimpcikipst r alBej s mgibranes  were
ul t rahi gh nol ecul ar wei ght pol yet hyl ene nenbrane. 8. .

extracthd pateus eaated medi amothehaillm andwhdréed sapd a hot ailr
crosslinked pol yner conprises polyallylamne or a

impingBh@henay edepolatal hybani.nernhd. rtha spoveus sipti vebieditad to
of Cdaiml, wherein said crosslinked polyner conprises

ing® 0P Of | yer vepakaidy ngh in the table
Curlngpéﬁ?é?%%?gﬁgnge%kg%§gf%$%ﬁated ponaIIyIan?%g.lfO. The

porous sarptive nmedia. of cl.aj having-a |2 c : :
below.,die kf?%@?‘ﬁ@n%%pg%irf:’y 5 ngrtefa etgé(% h‘g#g r5nj/ %{fl%fﬁcThaeCld ln
~ porous sorptive nedia of, claim10, wherein i d .
5% LSGRRIRIL ALPENPS BRA SHERIAN 4ni RS eXCRATGE: Copr PEFRGPRLLEY

housi ng cont ai ni ng porous .
of the membranes was measured using a flux tester as described

o

in the previous example.

As seen in 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 " 8hrs = 10hrs - ... “12hrs - — 20hrs-
{mg/ml,s}) : ' e :
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coated nedia for adsorption conprising a substrate
having a first external side and a second externa
side, both sides being porous, and a porous thickness
between them said substrate having a sorptive

.nat%rLaI iubstantially covering the solid matrix of

What 1f rate- and said first and second externa
surfaces, said sorptive material 46 conprising a
crosslinked polymer having attached prinmary am ne ,
1grRuperols. SHH i onneRéRafGEPTafR 161%i in ERPSHRers faving a
said substrate is a UPE nenbrane. 14. The anion
exthasgeresofeal mstizie whedei a smabnadr ¢sglemieed side, both
polymeric primary am ne pol ynmer conprises
pok yak kybanhge pdrcupr ofemas egopobyaltnglcamiesess d&twden them,
system for the purification of biological solutions, '

cogpy jySinNg AN Afd | ALLYn§hr0MBE AgF 8PEY n@RATRIION suBbtantially
| east  one cation exchanger, and an ani on exchanger

downstream _of sai.d cati exchanger 1. d ani 9Ny id first
ex%ﬂ%ﬁﬁépgcgﬁﬁrﬁgﬁﬁ& %gt%gﬁbéghcoaté%ﬂﬁgag% Conpri sfng Hee
a porous substrate and_a SBorous coating on a_sur

f .
of 2B@i dSP6PBHs StbeFPate, SUEAPE Eoat PG coﬁ%??s%ﬁsagﬁgterlal

or nore crosslinked polyneric primary am nes or ,
copohpnepsnphér cofosIBINAPR BYSYBAT of B¥149m ABL aGihRf ePRIMETY
said nmedia is positively charged. 17. The system of

cl antmé&5grohesein said affinity

2. The porous sorptive media of claim 1, wherein said
crosslinked polymer is present in an amount effective to
produce a flow of at least 2.0 CV/min/psi through 1 mm
bed height of said media, binding capacity of about 60
g/L BSA binding at 200 mM NaCl.

3. The porous sorptive media of claim 2, wherein said
crosslinked polymer is present in an amount effective to
produce a flow of at least 2.5 CV/min/psi through said
media.

4. The porous sorptive media of Claim 1; wherein said
substrate comprises a microporous membrane.

5. The porous sorptive media of Claim 4, wherein said

membrane comprises a polyolefin.
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chr omat ogr aphy separator conprises a Protein A affinity
colum. 18. A nethod of purifying a biological sanple
conprising antibodies and inpurities, said nmethod
conprising: purifying said biological sanple by

sub ecting said | e to ffinity ch togr o -
1'Jteherp 15 yl%ogr@%\ AF Sl e b y&%%%ggq%)entl rein said

Ioadlng sai d sanple on ani on exchange nedia conprising

a porsuseicoat by PRUYAtN¥b8HRi sing a porous substrate

and a porous coating on a surface of said porous _ ,

Tsulist r giesosni seoRtivg cuRpd sidig el Br revherein said

crosslinked polyneric primary am nes or copol ymers

t henesof ratend ieol drectilngahheghf urdesrulnur i fieeghtsampl gethylene

19. A nethod of purifying a biological sanple

CoMbSimg. antibodies and inpurities, said nethod

conprising purifying said biological sanple by

%g{%n S%depurg%(aﬁéafgul&@ eéQQgﬂgel whereln said

puri fyi'ng sai sanp
subsequentl | oadi sai d sa on anlon han
e @5 Thhp mg}j%ﬂgﬁe?%us ROL¢s |s3|mnlgea or @

por ous substrate and a porous coatlng on a surface of

sa@ﬁob@m®@%dsB%%Yﬁéiéla§éP9 coating conprising one or

nore crosslinked polyneric primary am nes or

9copiot ynessot hier gofptand cotdleet i of tGbaimrt her puereied said

sanpl e.
crosslinked polymer comprises a copolymer or block
copolymer containing polyallylamine or a protconated
polyallylamine.

10. The porous sorptive media of claim 1, having a nucleic
acid binding capacity of greater than 5 mg/ml.

11. The porous sorptive media of claim 10, wherein said
nucleic acid is DNA.

12.An anion exchanger comprising a housing containing porous
coated media for adsorption comprising a substrate having
a first external side and a second external side, both
sides being porous, and a porous thickness between them,
said substrate having a sorptive material substantially

covering the solid matrix of the substrate and said first

and second external surfaces, said sorptive material
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20. The nethod of claim 18, further conprising carrying
out cation exchange after said affinity chromatography
step and prior to |loading said sanple on said anion
exchange nedia. 21. The nmethod of claim 18, wherein

saicmiralsagicad sapPbeinksdap6elhheeUhiatiieg 48 dkhedeprimary
met hod of claim 18, wherein said further purified

sanpli&d $idected in the flowthrough of said anion
exchanger. 23. A nethod of manufacturing an adsorber

nbr , risj I di a rat.e hayj :
?lg'rstﬁggt era(ri?ngr(‘gPl Si %%gré%ggo%fseggnd Cgl%k%{r naﬁséi d\é%hr%c?t%hn said
si de ei ng porou and a porous thickness between
thér‘r%sglﬂ%%aﬁ'tsl & ISVE FEVESNG 'sai d substrate and said

first and second external surfaces with a sorptive ,
fat erTa® comprisi Mrehargdss| Phked FoiWy met 2 havivigrein  said
attached primary am ne groups; _and heating the

r esuiosisAg nkgigst patlomeris t emperayur enohe fpohyadbutCcABrises
to about 120C. 24. The method of claim 23, wherein said

t eppératldnd aimd nef roomaalkpautt o3a€edo palgutl 130861in25. The
met hod of claim 23, further conprising treating the

185Ul Ai pgsteRbEaRe thict hiaGifd.caandrs Wi estd ey idel solutions,

acid-treated nenbrane to ganma irradiation. 26. The

rrmc%%%r‘ifsi%lgaiarﬂ Za%flmegf'éhr%\adc@%ﬂﬁf ssé%%teéjr, 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.

16. The system of «claim 15, wherein said media 1is
positively charged.

17. The system of claim 15, wherein said affinity
chromatography separator comprises a Protein A affinity
column. |

18. A method of purifying a biological sample comprising
antibodies and impurities, said method comprising:
purifying said biological sample by subjecting said

sample to affinity chromatography; further purifying said
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fromthe group consisting of hydrochloric, hydrobrom c,
sul fam c, methansul fonic, trichloroacetic, and
trifluoroacetic acid. 27. The nethod of claim 25,
wherein said acid is sulfamc acid. 49

19.

20.

21.

sample by subsequently loading said sample on anion
exchange media 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; and collécting the further purified
sample.

A method of purifyingla biological sample comprising
antibodies and impurities, said method comprising:
purifying said biological sample by subjecting said
sample to cation exchange chromatography; further
purifying said sample by subsequently loading said sample
on anion exchange media 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; and collecting the further purified
sample.

The method of c¢laim 18, further comprising carrying
out cation exchange after said affinity. chromatography
step and prior to loading said sample on said anion
exchange media.

The method of claim 18, wherein said biological sample

is a cell culture.
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22. The method of claim 18, wherein said further purified
sample is collected in the flow-through of said anion
exchanger.

23.A method of manufacturing an adsorber membrane,
comprising providing é substrate having a first external
side and a second external siae, both sides being porous,
and a porous thickness between them; substantially
covering said substratg and said first and second
external surfaces with a sorptive material comprising a
crosslinked polymer having attached primary amine groups;
and heating the resulting substrate to a temperature of
from about 25°C to about 120°C.

24, The method of claim 23, wherein said temperature is
from about 85°C to about 100°C.

25. The method of claim 23, further comprising treating
the resulting membrane with acid, and subjecting the
acid-treated membrane to gamma irradiation.

26. The method of claim 25, wherein said acid is selected
from the group consisting of hydrochloric, hydrobromic,
sulfamic, methansulfonic, trichlorcacetic, and
trifluoroacetic acid.

27. The method of claim 25, wherein said acid is sulfamic

acid.
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