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WD 2008/ 008872 PCT/ US2007/ 073324 ADSORPTI VE MEMBRANES
FOR TRAPPI NG VI RUSES Mark R Etzel CROSS- REFERENCE TO

WRENSDER7APPLI CATIONS 5 Priority is hereby cl aPerptis1007/073324

provi sional application Serial No. 60/830,917, filed
July 14, 2006, which is incorporated herein by
reference. BACKGROUND Viral clearance is essenti al
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purification cycles (to keep manufacturing costs

dusgrmediatps besagssithe sisgmoridhesdug to theip sizgkhind palygo the surface of
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articles, and is also sufficiently 1
chromatographic beads are designed for regeneration so that they can be re-used over
many purification cycles (to keep manufacturing costs down). While this approach does,
in fact, keep material costs in check, it is not without drawback. Most notably, when the
beads are to be recycled, the virus-ligand binding must be reversible. In short, once the
beads are loaded to their full capacity of virions, the beads must be cleaned of the virus
particles. Resin cleaning and lifetime validation costs (while cheaper than purchasing
new chromatographic resin for each separation) are considerable.

There remains a long-felt, and unmet need, for a virus-trapping medium that has

both high-efficiency and high-capacity for trapping virus particles, and is also sufficiently
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WD 2008/ 008872 PCT/ US2007/073324 Ilow in cost that it
can be inplenented as a one-tine, disposable nedium

wo ooost0essoyi ng viral contam nation from bi ol ogPCHEIUS2007/073324

products. SUMVARY OF THE INVENTION 5 In contrast to
beads, the entire surface of an adsorptive nenbrane is
avail able for virus binding. At the sane tine,

nmbr an have | ow capacity for. small inmpurities. .
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filter nbrape and .a |igand..i ilized on th
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virasaveund sametansodshbto lmae e gkfarsofficaenplyl yghetoi repe bbsit patteins

terial, for. exanpl ol r substrate sel ected .
:@%W%%@LB‘E}BS nglgf ?%EBPX%‘E‘N/ ant dfea o, gargﬁl‘lelar) via electrostatic
dhdrt Aeuon. PRIl ke iRt Y ligNR is R@hiBIR SRS anion-exchange
pol yam de-1 m des, pol ysul fones,
ligand and that the ligand has a positive charge at pH 7. The ligand also preferably has a
pKa of at least 10.0.

The filter membrane itself may be fabricated from any suitable, non-reactive
material. Preferably, the membrane is fabricated from a polymeric substrate material, for
example a polymer substrate selected from the group consisting of polyvinylidene

difluoride, polytetrafluorethylene, polyamides, polyamide-imides, polysulfones,

polyethersulfones, and polyphenylsulfones.
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pol yet her sul f ones, and pol yphenyl sul fones. 2 WO
2008/ 008872 PCT/ US2007/073324 It is preferred that

wao b@siossand i s di mensi oned and configured to yPEr/tiSm07/073324

| og reduction value (LRV) of at least 1.0 for neutral
viruses disposed in a solution conprising up to 50 n
salt, and nore preferably up to 150 nMsalt. It is

f t he |
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solution. Thus, the _invention is also_ di rected to a

ABERsEthybRIYRGE04 Agmatiney e (4-piesthybrmineGd $gB3ERe &g most
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on?ac'ing a solution suspected of containing 15
Vi I us @he mvehtion fsudsot disgpieidrg amanbsp@néing mq&lddsifmging the membranes

di spos mc | t ' :
QHAOBP horein Brrapna e R EIFE AT AP o has. he
(ijﬂ\@ﬁﬁéﬁ &2«1% (Efé@teﬁqma'n%t'ﬁcﬁfjoftr@mb{qhg\(f%%smdfn ﬁ@glutlon suspected of

sel ect viruses, and has a pKa sufficiently
lobuthinirg wape$ thramethopd comprisiag p@lésfémg ai solution ssmegted@ﬁ containing
via elegtrostatic char

e eR T TIOR PR e R EORENRPARGIPr by Ml hopeus fier

'E‘Jnlﬂﬁgné dnd ashg?arnﬁfiﬁhfo%ﬁlzeﬂ Rathd MEmBAnL!WidteihShEhFindGs ed
h the wrustraﬁ menbrane for a time sufficient

tdcmamqneé lanid Fonfi fotifreyersibly pad (SElRGY veby biag viragest and lgps a pKa

gg{fﬁ: t&& rh% r}\él repel %g%lg g?&%ﬁie}grekﬁ% Lr{]t%g 881'\1 llé g telmgka{lcp Eharge

(LRI%S))I@[[?feralbl y still to a vyield Iog-reduction val ue

of at least 1.0 for utral viruses. dj e

t he sd}saatesheaskenwighresprst gbtﬁﬁmegﬁ)r % @ghq E’Gﬁ\ 81&15preferred
"'t‘ Yle ﬁ]O idiNL S&dtheted {Vnh%hesxtlhls-tr?{]i%ﬁ% rﬁérﬁf)ﬁhé &5 Al sufficient to a

e solution is contacted with the Virus-trapping
rymﬁbl@qedﬁmonazaiuer(ﬁwadf iatleasttl.Q fpraelycrzé Iveruses disposed in the solution

l)q?}?egrglggsé‘fltlgg)g@\ég)lrijsgs frﬂmt& ?{‘}PPE)?{J mﬁff salt; ax(l)d rfn(o)¥e pré erab{ily still to a
yield log-reduction value (LRV) of at least 1.0 for neutral viruses disposed in the solution
when the solution comprises from 0 to about 150 mM salt. It is still more preferred that
the solution is contacted with the virus-trapping membrane for a time sufficient to a yield
log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in the solution
when the solution comprises from 0 to about about 50 mM salt, and more preferably still
to a yield log-reduction value (LRV) of at least 5.0 for neutral viruses disposed in the

solution when the solution comprises from 0 to about 150 mM salt.
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when the solution conprises fromO to about about 50
nM salt, and nore preferably still to a yield

wo o@psiessort i on val ue (LRV) of at |east 5.0 forrP@EUS2087/073324

viruses disposed in the 30 solution when the sol ution
conprises fromO to about 150 mMsalt. 3 WO
2008/ 008872 PCT/ US2007/ 073324 The filter nenbrane
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tracefp;Supgy( i B dedRANe furtdi@stobal \CBSvel PrétfctBlMsing Eqn. 5 as a
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bacterlophage pXI7£ in 25 MMTris, pH 8.1, at a fl|ow

teacer supernaeed upenfitat euryes WwRsEe S q%@mandﬁogs pands6 gombined.
gr aph Pdgpl el ' ?ggrégar éi%n@tCﬁHé aaEP) g)f{o‘f‘ﬁlllén?aq ﬂn@all‘tﬁ%uéﬁr&l%e for alpha-

the tht ugh r an adsorptiv

naﬂhb@Mﬁlﬁ@énmpa@ﬂumgnuﬁhwdeenmhemg&ﬂmoﬂpt|on is
reversible (r =

nd i.rr vers bl.e (r =
| rrevéii Bl %d%@#bgﬁﬂﬁnﬁé §?‘EH°?8P V??%§Lﬁg§dGaP function of

gﬁl‘gﬁgﬁﬁm} ghé;g%ddtt;sﬂ(ggﬁgé X174 P W VISR, pHOLGPRYIow rate of 3,400

membrane Volumes per hour.

Fig. 6 is a graph depicting the calculated decline in LRV versus the throughput
parameter (T) for an adsorptive membrane for trapping viruses when adsorption is
reversible (r = 1) and irreversible (r = infinity). Irreversible adsorption is desired for
virus removal because the LRV is greater at any given throughput, and the throughput is
greater at a given LRV when adsorption is irreversible rather than reversible.

Fig. 7 is a schematic diagram of multi-modal ligand binding.

Fig. 8 is a graph depicting the log reduction value (Y-axis) of "MUSTANG"® Q-

brand membrane filters as a function of throughput (X-axis) and salt concentration (¢ =0
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greater at a given LRV when adsorption is irreversible
rather than reversible. Fig. 7 is a schematic diagram
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depi cting the log reduction value (Y-axis) of
"MUSTANG' (r) @Q 30 brand nenbrane filters as a
function of throughput (X-axis) and salt concentrati on
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Hlls, New York. See Exanple | for details.

a hi sFiggPans bisisigeam depietng thaseracity OSﬁaCé\dtgqnqi 1@3%1 Table 2 to bind
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n&eqrg used 1n
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(Brandt et al., 1988). M croporous nenbranes

bavetlahg dﬁ’@xs@@ tmmbaw platechumbges, erd losy dynagueicapacitige In 1988,
%an?;n rrr%}eo r%{g dlzvgs fn%? ?ngl%%ﬁc?tdrh% A THOHAS B0 &verc e ﬁle limitations

ssure mtations were no
sf gituihh Q&ﬂ:tmat@rﬁ}ﬁhﬂlﬂaﬁhdt let ati t1&8$)0 Micveroeows| me‘mhfrahcsdzontammg

because sl ute was transported t hrough the
RBOD g FEands BFT LI ae Ll aBHoBPRE I, Hraus 5 g pembranes
devd BESCVES Gurfi bl @ik HRA i HRRRENER: nothBheidhe BiRERGS

was act vated f gr arfinity ligand attachnent.
limitations were eliminated because solute was transported through the pores of the

membrane by convection not diffusion. The first devices were hollow fiber membranes
where the surface was activated for affinity ligand attachment.

Membrane chromatography has evolved since 1988. Several reviews of
membrane chromatography spell out the evolution of the technology over the years.
(See, e.g., Etzel 2003, Ghosh 2002, Zeng et al. 1999, Charcosset 1998, Roper 1995,
Thommes 1995.). Single-layer and hollow-fiber devices were abandoned because of
poor performance. Affinity chromatography gave way to ion exchange chromatography
as the primary ligand type. Vendor promotion turned away from protein purification to

purification of large biomolecules such as plasmid DNA, viruses, and very large proteins
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25 Menbrane chromat ography has evol ved since 1988.
Several reviews of nenbrane chromatography spell out
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e.g., Etzel 2003, Ghosh 2002, Zeng et al. 1999,
Charcosset 1998, Roper 1995, Thommes 1995.).
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solytion is.t s in th edslutl The o
R A

Qﬁ};eshlaff‘gﬁggstofqﬁeglr@w adsorption kinetics, slow nmass

trans m Xi ng |ntheflowsystem The faster

t he f|Aosimpt dgetirhie nmsiebof the BTC can be derived for the case of irreversible

adsorption in the absence of axial dispersion in the membrane, mass transfer limitations,

and mixing in the flow system (Heister & Vermeulen 1952). This model was derived

from the continuity equation using Langmuir adsorption kinetics as the constitutive

relation:
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of describing the sharpness of the BTC. 25 A sinple
al gebrai c nodel of the BTC can be derived for the case
of irreversible adsorption in the absence of axi al
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n er T for
|1rf?vé3§szbrqs%gfoé£ %\Odlsi)iﬁ{lg%? c%ﬁg hg%‘?a{s.{%él ven by the
equati on: 10Tsc(1-)c, (2) where c is the void

fraction of the menbrane, and cl is the total |igand
capaciytgg $ rrbrane based on the solid vol une of
t he rrerrbr(lams)c1 he throughput parameter is a 15 @)

nmeasure of the | oading of the nmenbrane. It is the
rati o between the amount of solute | oaded into the

menbrane via the feed solution a max m_anount
e‘fhegeoﬂ l§tﬂée Y9id fractigmolighe nempranse alpfg g‘ﬁéotalﬁp@nd capacity of the

' bane. 4 ‘.@%’? Hratst
tnhem 13 ogarsg(f ccfrtx Me%flh Yo gI Vdgﬁfg% mm% ali)e é:glhro g ameter is a
tnliBaﬁth’GQ)SSne l1ading of the tmei]f&)rane. Itis the ratio between the amount of solute
loaded into the membrane via the feed solution and the maximum amount of solute that
can bind to the membrane. The dimensionless time is defined by © = vt/L, where v is the

interstitial liquid velocity, L is the membrane thickness, and t is time.

The parameter n (number of transfer units) is given by the equation:

_ (I-e)k,c L
e 3)

where k, is the association rate constant of the solute with the ligand. The parameter L/n
is the height of a transfer unit, comparable to the height equivalent to a theoretical plate
(HETP) commonly found in the chromatography literature. When n is large, or HETP is

small, breakthrough curves and elution peaks are sharp.
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20 The paranmeter n (nunber of transfer units) is given
by the equation: n = (1-s)kac,L E (3) where ka is

WO basaessori ati on rate constant of the sol ute wehusive7/073324

ligand. The paraneter L/n 25 is the height of a
transfer unit, conparable to the height equivalent to
a theoretical plate (HETP) commnl y found in the

gﬂ;ﬂmt A aﬁ%? Bh’é‘ﬁd %{E\{ﬁggu% tq 18!{'3%8161@%2}'@515 reasonably
%ﬂ%?ﬂ ?fge% 11 WG )8 00REAA s Pgﬁé@"@; %Qlﬂgqg 33250 axﬁﬂi@bh@ nlr?creasmg n

otted for varlous valueés of n in )
BGiressa hxghsmhy yoi$ el agsnsration £at@ gomsant (\]g.b amj @Horpgremdence

al neﬁ@gx ‘%(Iggspgéiathigql(@qu ragg}/sfcg gltre agg ({)sgulasﬁl lBg%le €258, then one

Sloﬂélteacfftthe( &ﬁép paaﬁﬂetar {0RG th@s e ChRrgd val. nrhuts hﬁost
nbr ane high flow rate |s desi r [

cisumlato,gr e: masbrancﬂn@@ 1@n@<0§ar@ge bradiag Ghigh he) %)bllsérhgand density

aranet er, val

CRFE: SoS R Dbl L, RS SR S o Tl R i
(hi ghTk@}ssumphb@bf irtega@mmi@.armmn néd?ﬂlegin tii Jerivativah of Eqn (1) is
several l|ayers (high L) to achieve sharp

valghfor aelues erﬂo@év approagies sfiitrpiihe prastics! rcpbgé Q] ‘BF%I co/Kqis
f dsoLpt fl) gvag? #lﬁg& e, e lfliﬁv kb Os@*ﬁ)}t th%%?it#%)thét qél\("i‘ { 2l within

appr 0 ng infirnit
0846 cﬂ'ftlﬁe &kt Whﬁﬁ)n@ﬁﬂéd Olleoﬂﬁnﬂt&iV&j@es@Jf@d@la \Ivasther words, the exact

determ ned to be /[ Kd> 60, b th
sejutin for (ot 0- W@Sd?sg d tyfing by ar\%ﬁ@%ﬁi}&a@ 3 tﬁ? %@t at that T
ﬂadlté&fwhlmlgts% é!ﬂhé*@%c%ol&t%l@ I'n ot her wor ds, the

xact ion for was used to find T, and
t hen tTbelivdahate mafs tCarfsfen efiEcts, t(lq_)esai[en@dqtame in thp seembsanse(L/v) must

0

e P Pk B B B85, B BTGP R pane por
(e way:must 15 be nuch greater than the tinme scale for
diffusion fromthe center of the nmenbrane pore to the
wall: L I v>> d 14D (4) 20 where dp is the dianeter
of the pore gnd Dis the diffusion coefficient of the
sol ut /vt €, /4Pt uation is frequently not the case (4)
when the nenbrane is thin (small L), the pores are
| arge (large dp), and operation is at high flowrate

1 i PR TP TR PARSERL Sk e o
IE(ift’ﬁﬁifo&lﬁ@frequently not the case when the membrane is thin (small L), the pores are
large (large d,), and operation is at high flow rate (large v). Most membrane
chromatography systems are operated at residence times of 1 to 10 seconds. Membrane
pore sizes of less than 1 um eliminate mass transfer limitations for large proteins when
residence times are about 1 second or longer. However, some membranes have a pore
size of about 5 um, in which case residence times of about 100 seconds or longer are
required to obtain sharp BTCs for large proteins. For very large biomolecules such as
plasmid DNA and viruses, even longer residence times are needed because D is smaller.

As a rule of thumb, D is approximately proportional to the inverse of the molecular mass

raised to the 1/3 power. Therefore, systems separating small proteins such as alpha-
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pore sizes of less than | melimnate mass transfer
limtations for |arge proteins when 25 residence tines

w@e@sasstt | second or | onger. However, sone nRODDS200F073324

have a pore size of about 5 m in which case
resi dence tinmes of about 100 seconds or |onger are
required to obtain sharp BTCs for Iarge proteins. For

R\;lara l un ?]e‘\,‘g kf)polh 68(:2%&): ggql? as%}*g ag@beggl%w rates than

] Praaﬁ o BAR far@fems sﬁé‘h & ﬂh&'ﬁo%ld%hh bémikDgDD s 2.5x107 cm¥s)

tely proportional i nverse of the
nol ecAlfaw examplesdllustrptedbe vss of| I’Eélniﬂ)s %B@éwermhemwhﬂnealpha-

bRoba a7 thew DB 7oA SR OB el Bt having o

Pore ske lX2@' 6 @4 StheicitkBessaPe 098 Endanibpérared fat Gdlocity v =
rates than systens separating |arge proteins such as

ﬂﬁyl%wmfbwm@%om@@h D = 2.5x10-7 cn2/s). A few
exan‘pb%sonle Ih|a1li'ds ttﬁeatt Ufﬁf" dl?itusggq4 &n@for 1§%uflit and 1 ms for

shar p~when a ount n an yrogo n were

@@ﬁi—mcﬁﬂbtﬁﬂi&l@ w@reﬁxlntxaﬂﬁhaiw dpinithe residbnanend m/uha glembrﬁle (L/iv=20
pore size dp m astackthlckps L =0.0 g
ahd)@ﬁ@roaheé@am B/T&%w&brw when thyrpg s CapiwE é’f‘to a

flironégq%gp}?ﬁ?ﬁeﬁgfaogﬂﬁﬂ gﬁgré glggaofsgz ?Jne§ sth&F K ELIEOD6 cm, and

ap@bird latg telbbitynd i) 2xier ‘entfsichn thma:lak&a thet tirae sctahaefor d1ffus1on (0.25s)

residence tinme in the nenbyane (L/v =
Bt2R £90 Hegsdo themesidopecding laéée g)ﬁ;zra(qqﬂ,{) NoT 65}& ﬁv%%t are51dence

GRS rlg(ie&ﬂ%ig R BPC Gk QB%HQ & fP BHi§ sy ven hidattd tidat the

pore size a stack thickness of 0.06 cm and
ogeteatetmain memmlnramyn@ﬂs tb xmach greater than the tith¢ scale for

the tinme sca or diffusion (0.25 s) was too
g%@“t@“ﬁf’é‘l?%@%r@bﬁé& time in the nenbrane (L/v = 1.4
S) . EyRpapBTESs taSiedansdely hioneliglid hiximgde dekspulntye tiblkg, fittings,
was not sharp for this syste whi ch i ndi cates that

inesnbrangshadéaicack efengmbraigs, eftier Y8gms Fop exmplgcif the liquid

eate t he [
oS e A BAU R Retll s 22, Sk orousn
heXdeRtbr lafid Idh@edtidPs thidlighigs eddes, tthegis will hma‘dexame BTC. The
hol der, stack of nenbranes, "ntg ?lﬁt ector system For
Xléiﬁﬁ‘lténoqe* foupd to defarbe mPyipgy Polgi™ NGB Anes
t & tdMRFeactor (CSTR
b R R o o R SR PR Feactor (CSTR)
ed@eﬁ1dehh1ﬁng|ﬂbwmeh¢toxb(ﬂ’63dé}{))t he BTC. The 20 si npl est
nodel found to describe mxing in the flow systemin
menbrane chromatography is the serial conbination of
a continuously gtigygdytank reactor (CSTR)
C=1-exp(——),
1-x (5)

where Ty is the dimensionless mean residence time in the system, and x is the
fraction PFR volume (X = Tprr/Tsys). After the delay time = Xty from the dead volume,
Eqn (5) can be used to predict the BTC for a non-binding tracer. Prior to that time (7 <

XTsys,) C = 0 (Fig. 2). Typically, mixing in the flow system is not a significant factor in
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and an ideal plug flowreactor (PFR) (10): x-(r/r,vs.)
C=1l-exp( 1-x )" (5 25 where Zsys is the

wa@lresenessenl ess nmean residence tinme in the systeor/usaud7/ai3324

is the fraction PFR volunme (x = TPFR/isys). After the
delay tinme = xisys fromthe dead volune, Egn (5) can
be used to predict the BTC for a non-binding tracer.
Prior. to

c‘.e)} pﬁ“&%ﬂnfg ehﬁ%ta&)? ﬂfn?’] ?’J}%éeqa%&g Tey gtsmll(cgnﬂ)gfe%)ato the values of T at

C_?g@inft of BiebkhAn B defited Bs V20039 908872
/ US2007/ 073324 determ ni ng the shape of the BTC

bec aufke fqlls»wmgexslmllq illgetngses v toocandect\aalexperinoént and analyze the

h def.i ned
e Bt e AR WL radBnBE D alGach iohe
ﬁmﬁmmmy anghidh@lchzzel hémbraf Wshfg etBOMEr e taken

fromthe literature for_ capture of a small protein
( al phBlasshegepalyviovhidene lésﬂ'«@nldame@rbr@;@é lagydienidazelsrastimated

glﬁﬂiu bt IR&?’@ bég? Q}eénsf%lge%ylﬁﬂﬁﬁ%repﬁ!a&%}d1 %(J(ég\?/g% reacted with 2-

ArbldBARIGRE nfeth vl b anodiute oiid oA de s, malkd the poive exBadfomdmbidhks. These
were reacted with 2- ymno ethyltrlnethylammmum
PRMBFANgEWEES hdKem thHek i kad aanarh aikg et ety s dnterpgbaiface area of

%?%?%mm@f ﬁ?r}tﬂloar am]%&%ldafp&tlgﬁl% gt eésféﬁagerggée}ck of these 25

M an 1 nternal 'surface area o 10 '15

efPdiamefer aiRbribrarts eahdwitttbddewrded X Hlagkt memboineCupsti@arh.and
7-layer stack of these 25 nm di aneter nenbranes

dosesiicamdyl membEans dscsteialk wes plscat o aﬁmbémmr The blank
%gfg@&%%ﬁ%ﬁ Wgﬁ%[g;l‘aog' iiﬁﬁelh%lﬁhbn g)gracﬁ@%f 1a@ttaﬁ)uﬁnn in 50

rane nbr anes al
oV Trib, lpH B 3 wabtaatled mtcstbie%eminax@d)stﬁlﬁz a/alflow rate of 1 mL/mm and

ctal inin>5 nmM Tri.s, pH 8. was. | o
f}‘lﬁtagsqr of heaffagit solptGiBaRugeer iy Hiving in the
% eh hﬁ‘as FSSrBABG Foatn gzagl%ﬂjﬁhgfngttﬁ%eﬁbfdﬁﬁﬂ talpha—lactalbumm
sol ution nmeasured versus tine. Mxing in the
oM Tes Zerﬁaﬁlele@ﬁ)I oadi ng a non bi ndi ng tracer

(0. 05 /L al tal bum n o
(6 6 s B LATHE s AeMehcindcRier Tk B Litne Bobl Mipring in o
M@@mhww&dmﬂe BIR (P47 hebalitienSiohRsPresiibRLUiROfIPIIR system of Ty,
volunme of x = 0.67 and a di nensi onl ess residence tine

 Or4 (sercFigy ) &Fn ginefagg/his (ot from the r(ag/e@twl@ vegtage Yignal from the
%eﬁgcﬁé‘r?\;v?src&eﬁglr{xwgédoftor {he%ase iné ({7BL\SI uglarlltg%nly \tref %&lli{h%g{e protein, and the
feed solution (Vgs) while bypassing the membrane holder. Then the voltage signal from
the BTC was converted to C using the equation C = (V-V)/(Vrs-Vo). This conversion
assumes that absorbance is linearly related to protein concentration, which is a valid
assumption for dilute protein solutions (c < 2 g/L) as was the case in this example (co =
0.05 g/L). The x-axis was obtained by converting time to dimensionless time t (= vt/L)
using the values of v =4.85x10” cm/s (v = Q/eA where Q = 1 mL/min, £ = 0.7, and A =
4.91 cm®) and L = 0.098cm (= 7x140um),

The values of x and s, mentioned above were obtained using the SOLVER

function in Microsoft Excel software to minimize the sum of the square of the difference

10



10

15

20

25

detector was determ ned for the baseline (VBL) using
only buffer w thout protein, and the feed solution

W@ ¥egpossi | e bypassi ng the nenbrane hol der. Theer/Ukm®07/073324

vol tage signal from the BTC was converted to C using
the equation C = (V-Vo)/(VFS-Vo). This conversion
assunes that absorbance is linearly related to protein
S

%Qﬂgefq{]&% ?%(%dgp%nd\é% S%Ea éﬁasq (sgl?a{résgmgtiﬁ?)s a%ésr%%ﬁ eaBgC more accurate
mBthbBiistoebediph s, (rom the fidst GRor@ent bf thEhiataxsangl the W@sation:
obt ai ned by converting tine to di nensionless tine ¢ (=
vt/L) using the values of v = 4.85x10"3 cm's (v =
Q’EAvvhere Q=,1nm/mn, F, = 0.7, and A= 4.91 cm
and L = 0. 098¢y (= yx 1 . The values of x and 'c

, S mentl on&d ove” wer e obtai ned using the SOLVER 30
function in Mcrosoft Excel software to ninimze t
sum of the square of the difference 10 WD 2008/ 008872
PCT/ US2007/ 073324 between the nodel and the data

(| easThephmrcekulattdhatile. of Angtisresed pdorigapish Fou é)ac ﬁuﬂmtctata by
nethod is t n%btaln t sys fromtheflrst nonmen

e s e ge P acRaruneiah Yt ngxcel Ung Ty Rigthod g 603 and x
6 I |

u ggg@al)l“glnsgesﬁﬁﬁ %Q ﬁ)&%ﬁ i ¥ g?‘lt} ?tg(t;i xsarlegﬁ (?(fqrr)m&tci)lgc;thne first method

t he o]i?ﬂeguefmthyi mdlepdraan‘epcefmg/hdluid vblmnExcdeiectlyUsheng)lmheSSare

nmet h sul t

= Thi
By fﬁdotiyf L ée TEmbigns e risi it Phedpsults dimensionless
efddrlﬁaep@ﬁ@é?l@ df sdale2attRNolvmes AL (RN rsﬂaﬁ@d [ ﬁﬁsrkg bleﬁﬂ)'r&he

vol unes directly, the volunes are norna ize
dilwined. horbsxatipde, tendmebiec thel efifieent Ilftyuud Vnhkmartdhﬂpress it in terms of
and i nd endent scal e

dj
DEF i val BRERe 0 APl R RRRE (@R (Rembrane
\Vd}uIHQFS et. Whkn We& vl A {BRIh B Ldt e e%rfegééﬁ P4 terms of

liquid volume and express it in terns of nenbrane
meinbraes yvollimesdeisi dquititot g ngﬂ)mambramlvultn.ﬂes(ferf theseatata (Yang et
vol une) = Wen the s

V°| Q?rﬁrg) P% Tﬁgb ﬁ%%?s:e z8 BAYLERp we@g@a 1§ the PERRO m %rélnich includes 1
B AT i bl off P45y -G TFRRLARE

Yuh8y/iSthe=CITR prRItHN dhe MOhbiaRS vbsinfeltquilk B 430 mhll, ithis
whi ch includes | nmenbrane volunme for the stack of 7
HeRbmahedn candusian, if the velug of © at the@omb abbrgrlethropgh (Ges0. 1) is

rlmsic}% %%ilt%s glan ‘? Eyts %rk to?g t nnr%{x?gge n tge g\?v s?r léj:l% csén%e neélected
To ignore mass transfer effects, Eqn (4) must be satisfied. For the experimental
system described herein, L/v = 20 s, and the RHS of Eqn (4) is 1 ms = [0.65x10™
cm)*/4(1.1x10°® cm?)]. Therefore, the time scale for convection in the membrane is
20,000 times greater than the time scale for boundary layer mass transfer to the wall of
the pores, and mass transfer can be safely neglected. Based on this calculation, a greater
flow rate than 1 mL/min, perhaps even 200 mL/min, could have been used and still not
have a mass transfer limitation. Thus, although the flow rate used was 125 membrane
volumes per hour, it might have been possible to use 25,000 membrane volumes per hour

without encountering a mass transfer limitation. Column chromatography using beds of
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experinment. In conclusion, if the value oft at the
poi nt of breakthrough (C = 0.1) is 20 nuch greater

W@ b@s/0sd875y, = 6.3 to 6.6, then mxing in the PEDUS2007/073324
system can be neglected. To ignore mass transfer
effects, Eqn (4) nust be satisfied. For the
experinmental system described herein, L/v = 20 s, and

é%ﬁﬁ(fﬁ%fgi)@:&g@ygo@eja't% ggg’f%treé Of ? (2 cgi%lmn Volu GS PeF B?ur much lower

than viecldvo ratespdskiblenmsinyf maabiase cmnﬁQ%réph@fes greater

t han e tinme scale for boundary |ayer mass transfer
to thtﬂ‘?/\%ﬁﬂe“ ?@BtTﬁefobélpéé-lac %ﬂ“ﬁ‘ﬁs}% Shq“ah@fFeg % abhegoint of

Ill?th% gﬁ@{: ?)?occ i Q[ L0o% E %‘h‘f‘sa\la gé%??ﬂ‘j fim g Er%%t%? than

ow ra /'mn, pérhaps even

2QU| \dhlbl@‘l/rﬁ:aﬂﬁ@iﬁt MBERL ﬁﬂﬁe fibivl st@fhtcan |B€Y1€ RctE@8Sa factor in
transfer limtation. Thus, alfhough % | ow rate used

driermipisg theshepmef the B TGreEhepmintt) lh)re;akﬂtromglgcmcumd/a Gseeembrane
000 menbr ane

‘\?ﬁq?‘ﬂ%{: o SR G PSSP PHGHAIALE TOTI st O s7c0or 3.3

x5 BEs0ARS RPMRRRY piiShN @f BRAbrfe. 11 WO 2008/ 008872
/US 007/ 073324 packed beads typically operates at

f | ow FafitEqof])30 thedB TiGrvahes ofithe tporunkoowns (kuekl ¢ pwere assumed
f han t

R S AT BRSE B G TIRARE e ) The e

Phée! adial (b aL%@awelea Ghowd ﬂggwﬁ
%}rreaktehfough( EUE‘ 0.1 gcc&rrregI Atz _Jﬁ% p&sryvalueSOfT

argl| N eEqns(1) avap oswaotcahelsteg@ eaher SODNER B Betcs, Wg:s usmdh tinimize

th th b | e
{18 3000, Bne eeriien Pesiirm e R AR eri s OfigGosing K,
o cntas eifte®pRatnbler O UDHE BRR1N T8 hdAla 06 -TBIIBNINE! aniQd, WBS0085 M.
= sz). The dgd?am c bi ndi ng capaci ty of the nenbrane

he‘faﬂﬂﬂ\OfSlz‘U@ 3.3 rrg/rrL expressed as nmg bound per
Tﬁeozﬁgeﬁg aue £ ?ﬁlz 1)(’11 ' e;(%regsgéuBTC’}esfg’aH)%a Iactalbumm

hoimp @eal. Iolfmenfblrduﬁvuohd VGEllnfé,lH&Iel sofid @blufheUusitRYmEGBrane divided by
and n using Egn (3). The other Eararreter val ues (c,

télg totgl voll_um%lﬁiathc éx)eng}r@aeeﬁqu@lg&ysb( ndbgieforss ithryfittedevalue of the

IF{BQF\ %pa@ %bgam e&gggﬂ{a ()QV\]HJQS m%‘%se t%(%glm}ngmbrane-volume

ttaJSS (squai®).dfhik hﬁud corephendsadoseBt torRONviEo LR eid/al &fdtermined
and observed val ues of C usng(g Ka and cl as fitted

foein abeopaintsof brepkthygugh asonertivned 2heys- Ra&om@@@nmhesﬁttedmd
rveé) Pgl(ag%lca%m %?gtggtgﬁn v}//lﬂLﬁJ rongdes v atlon 0 rc]aem(Fdeﬁ ancfj the fitted

presséd as hof
;airznhaeﬂ whiadl TheiBTC hanst spﬂllindtn@f InsRAD BB TE Alrktctose sharply

t\(/)\?vlaydrrg (;I' Ig % SS glll(!l ghex ?(l)s%r?leo“?l; téwhe?rd nl?umresgferegtlhgcli %e—dl 8 (see Fig. 4).
Successful scale-down and scale-up of membrane chromatography systems
requires an accurate, scientifically based model. Eqns (1)-(6) can be used for this
purpose. To obtain equal BTC performance (C vs. time is the same), the values of n and
T must match at each time point for the small- and large-scale, and mixing in the flow
system (x and Tyy) must be either the same or small enough to be negligible. When the

same membrane material and feed stream are used at large- and small-scale, parameters

such as co, €, ¢1, ka dy, and D will most likely be constant. However, v, L, x, and Ty, may
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the total volune of the nenbrane equals (1-c).
Therefore, the fitted value of the nenbrane capacity
w0 2008/0M8my/ nL. when expressed on a mass and PCT/US2007/073324
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cﬁﬁ&%tratean% S§Rest th wtE %fea&lngea{)péi’gtld'ng £%d. Yy[ﬁ%oﬁ typjgally

performance is t0o sensitive to norn’a varia
capteld Ve sniadl contérdrapioneef vivds (I)Mrtochl)t éi‘herﬂ‘bneodepeﬁdmg on the

ot eins produ l.ture
VBRECERG Mo RA B T8 sR SRS W by atevap Bifadsorption:
atld @)shKaam1 Ladpinegesisépdospeci fical ly to neet

regul atory requirenents; redundant and conpl enentary
uni t FepBFeyerssre adsoeptionc Where ¢o/Ka approehes ifhytypthegmadtiadl cut-off

0 r v r al
£ 0t GACH ST RAonlch I KIBARE B £0Re O it Pruspteilane
clitegia e Wephi( d))“tfall\mt}nhe 9% %R khe aaticdlitonit MRV =URY1E mathematical
LRV val ues for ani on exchan

T I
r‘é%ﬁrﬁiﬁm yﬁéﬁﬁa \bripd &rfer wimyersible adsomptioasan be g@iveélfrom Eqn
(8003).

LRy ~ M= 1)
In(10) )
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15 The assunption of irreversible adsorption nmade in
the derivation of Eqn (1) is valid for val ues of

W@ ojoggossppr oachi ng infinity, as nmentioned aboveCT/Uki087/073324

is a good assunption for the BTC in process-scale
protein separations where the feed solution is
concentrated. In contrast, in viral clearance

oper aE§P(m revelR thAekkrs &Jl'iﬂe‘ﬂf‘ déc)ﬁﬁla Qriathf wﬁff_%fc?éa?ﬁ‘lg\ge Phe slope

spal | concentrations of virus (pM

%fébérpé@tn@ammﬂn@tem il Uy, ofd tkely- mum:ebt iNiapprogineAL@ 3/In(10). See
AL possible: (1) Co/Kd>>1 and irreversible .
adsorption; and (2) co/Kd <<1 and |inear adsorption.

For Ilereicte\V@mbﬂeEad Qs RH@NT2 Hﬁﬁ%e%e&?a{dégd PRI PAC B Rber of
infinity, the pra???cal éb? %f for when co/K%

mgnh@ne Helugles neasessed (it ) tbaryevabus/ dfdhe-pameiet @wnhenanway
setting the criteria that Eqn (1) fall w thin 95% of
the exact solution at LRV = 4. The mat hemati cal 25

relationship n LRV, T, and n for irreversible
adsorﬁh@&bzc&g@b\fﬁﬁl ved from Egn (1): LRV n(1- T)
In(10) (7) 13 WD 2008/008872 PCT/USZOO?/O?SQ%iRvKn

(7) reveals that there is a linear decline in Wi th
increasing T. The slope of this plot is apprOX|nater

) n/ | nl(he];ﬁ}amé%é}dl“ J‘E%&/ ( S%nst £ ﬁlee%lonlsessoﬁge{sg)éelsgtﬁb? f%?ﬁlve El&wunt of

n(10). See Irreversi
I(lﬂyr i) donded inte dler xaa:gbxhné oTf+ &d cbh&pﬁﬂﬂ@l@ﬁh@f}om@vherﬁ the feed

ne. vqu rocessed (ET). at any val ue of the
8 18&2‘? tWFéﬁo ,%m;ggf at theye t1°fﬂ£%€) mem %Eanei dreV&rcormespends to
the p&it whdre thENStalP ﬁfa@i‘l%ﬁ@erd 1Itd tHe ﬁf&ﬁlbﬁ'@e éé]rml‘? tl%e to];al mfglbrane
di nmensi onl ess nmeasure of the relative
capacetyi &pr pomdiodelysharptiieC (nerabooa,rﬂé IT0 als®crespondssp0ois
e feed.solution has just started

strARE o Dbt e D7 s el achicgl it for
L ap GBI ol WIS Bk B A
CEpPINGHOR With & large Joasig gapBIQ i§ suitablefoy mokt apphcﬁluaiss &or example
ti‘iﬁ%@ﬁﬁgﬁdtﬁes&??eﬁ%%%m Stgtl u%dalf_lien égpta'tt Ieocgff ar}c{ir? gép’ ¢rgt T=10.90
and n = 90. Therefore, it is desirable to have a large value of n because a much larger
throughput (greater T) can be achieved, while still attaining LRV = 4. To attain 90% of
the saturation capacity (T = 0.9) at LRV = 4.0, Eqn (7) reveals that the 90% saturation
capacity requires attaining a value of n = 92.

From Eqn (3), attaining n = 92 requires a high capacity (c,), thick membrane stack
(L), low flow rate (v), and fast adsorption rate constant (k,,). For example, for the
membrane system analyzed in section 3, the invariant membrane parameters are: k, =
1900 M''s! ¢, = 0.00085 M, and e = 07. Therefore, to attain the above target (LRV = 4
at T = 0.9) requires L/v =133 s. This residence time is much longer than the time used in
the experiment (L/v = 20 s). This example illustrates a general rule of thumb: it is easier
to obtain a sharp BTC for protein purification than it is to achieve a target LRV for viral

clearance.
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15 operation can be found by exam nation of Egn (7).
Practically speaking, a LRV = 4, in conbination with

w@200a100871 oadi ng capacity is suitable for npstPCT/US2007/073324

applications. For exanple, the experinent described
herein attained LRV = 4 at T = 0.08 and n = 10, or at
T =0.90 and n = 90. Therefore, it is desirable to
have PBortA& Gfe c : :
t hr oughput ( ga}l gg%bg?ﬁ'll'l &cs:gﬁlﬁ%leé |<§?/ eigq’l C\\Aﬁgﬁe Jplig-| In this case,
%@@HK%BQQWERW = 4. To attain 9096of 20 the saturation
capacity (T = 0.9) at LRV = 4.0, Egn (7) reveals that
the 90% saturation capacity requires attaining a
value of n = 92. #Ffrom Egn (3), attaining n = 92
requiCeslaehﬂghTﬁéﬁp@hﬁyKQ W T)dhi ck nmenbrane stack
(L), low flow rate (v), and fast adsorption rate
constant (ka). For exanmple, for the nmenbrane syst%h1
anal yzed in section 3, the invariant menbrane

rapeters 1900 1s-1, cl1= 0.00085 M and
BREETSS BemPifiy 5o T O e
RV E 4:w@ eValduBY 6% L
i's nmuch 1 onger than tEﬁ{e :%séal weﬁweggg?%}i%ven value of
I th,cafregmansl)ng v'amesof&(a rmiaﬁen inltheslineat ed;soaptgﬁrtﬁﬁﬁtlhaﬁ tHee
S easi to obtain a sharp BTC fo

‘rofev S‘Wbaﬁa F?%%%SFO ?tﬁ‘srnWP&dS 3§ 1p H‘edHﬁY%%lé %\adecapgem case of Eqn
1 Rf\of \he Bdear SdSDAFRACR /

(P)Cq:TYL/ Liagor (h Micar SURARARGAL B el o 893? 41 T. but the values of
%% @ thelipgar aflsorptinn qasg atesgenerelly sthiléer at m given szakuasaﬁn and T.

Qe T % BERRY fornifest pEfiich Hhod aqPfoabd Ly fof e

ufremttlble radsﬂrpﬁ(ar easer Uhis is b@au@swlw‘n N=angqd (4 rfé‘&ucfe?’é)udiE exp(-n),

Eév— were cal cul ated from Egn (9). In general ,
=Land RV Fy/ig(\awhish ifshe sameresylhes Eqn (7) when T = 0.

corr the I i.near

adso?%?fa%ﬁbl?ggéﬁ'”?d%@ o BBl At on

case. In other words, as in the irreversible

adsorption_case of Eqn 10 (7), LRV for the linear

adsompLLQ%iga_ |f a function of only n and T, but the

val ues df- gva for the linear adsorption case are

generally smaller at a given value of n and T. Cﬁ“@

when T = 0 is the LRV for the |inear adsorption case

€qu: to the LRV for the
w is the dissociation equilibrium constant Eqn (10) can be rearranged to calculate

the membrane volumes of feed solution processed at any value of T when 1 >>1:

et linear ~ —71%6:—)6.—1
d

(11)

We can see from Eqn (11) that the volume of feed solution processed at a given
value of T is not related at all to the feed solution concentration for the linear case,
whereas for the case of irreversible adsorption it was inversely related to the feed solution

concentration as in Eqn (8). Also, because Ky >> ¢, for the linear adsorption case,
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irreversi ble adsorption case. This is because when T =
0, Egn (9) reduces to C = exp(-n), because |lo(O =1,

w@nwsh®s72= n/ 1 n(10), which is the same result BSI/EMV07/073324

(7) when T = 0. 15 The definition of T is different
for the linear adsorption case: sK T =d (1- c)c,
(10) where Kd is the dissociation eqU|I|br|um

ul at e
B e o Anel 4P EpIaER0 O cheh P dis e dgprovion
&mbue of T when r >>1: T(1- 6)cl Ilinear ti Kd (11)
see from Egn (11) that the volune of feed

s oI ut O HFEE %ré‘dPe%FPe%{‘Vﬁi i g qnemimage¢hematogaphy pragiuct was
§Rhat B duidh 18-V L Pfdr Q?gﬁtﬁﬁﬁg ?é%ldl&) u?an 4P Qf%}f co%t | %tl%?l ZCO)

the |linear case, casé of “Trrever
ddiog poiuare (Et), \ambrelsld\tﬁcre&ﬁhy (L/e) aﬁdﬁdhé DRV @oliRQGceed 4 for a

sol concentration ,as in Eqn (8). Also, because
Roplet l@gingGhime Tpnée Epidkneeope B M ddute 18dndmtion. Validation

d
PR R0 LS80 L URP o R UEES8s
BRY o pfﬁhtmt frecmms oFeraimaratley thanattbe yntpe effRRat pood, and fthédtrend of

PREAE, Sppe §er{aﬁl%?lﬁ?<@&h%¢ By Shiressbyeblsropatias fred |
conceftbhed in@ﬂlbfa(h@)demgé Ph@ ﬂ %Vﬂﬁ'ﬁeos&:?{ e ab B0 téugft ](LRV =40

resi dence tinme (L/ excee
andshra IOl Br but maeti wgset/ mrmﬂmidltimgmnstraatsde gl défine thedproblem. For

S G P o i
d&ﬂdetlﬁgtd@ﬁﬂé 1b§@)ﬁ§‘§p r&ddY t@fans%efr {sﬁ%h '1@(%%&1&\/\%%% for

tinme rather than the entlre effl ue ,
the 8y rafe and Rolugmetricrthgeughpet fb@néhwqmeuercmllausdcqessful viral filtration

t 10. F mbr an
sgrgtrsefng 2 % sﬁhﬁl?%?nlo?ed(%ﬂﬁrva}lal ﬂgr\?go méetn?‘f‘ﬁé v%%g ?y%aﬁxnegféqgr mechanism,
\(/thEh/ls;toﬁll@ diféarent than e Qsorpiitn MeenisM 564 nﬁlﬂgﬁmagﬁn

ro

PRy SNNFHIEIF Dby RestoEm e CopiNURAEIOr TR BB
MehbraR& AhbeAsLd %% QPR S EdRane chromatography systems too. A
commercially successful viral filtration system is the "VIRESOLVE"®-brand filters from
Millipore (Bedford, MA). These filters can achieve LRV = 4.0 for the bacteriophage
X174 when operated at a flow rate of 150 L/m?-h, a throughput of 300 L/m?, and a
pressure drop of 2.0 bar (Millipore Technical Brief 2002). This flow rate and throughput
target corresponds to €Vimin = 4.2x 107 cn/s and & Tmin/Luin = 30 cm, respectively, for a
membrane chromatography system. One advantage of membrane chromatography is a
lower pressure drop. At 2.0 bar, the membrane system analyzed earlier would attain the
target flow rate when L = 6.2 cm based on the reported hydraulic permeability (Phillips et
al. 2005). Therefore, pressure drop is not a limitation.

Eqns (7) and (8) can be used for the irreversible adsorption case, and Eqn 3)to
calculate the minimum L under conditions constrained by meeting the targets for flow
rate evimin = 4.2x 107 cm/s) throughput (€TminLmin = 30 cm), and viral clearance (LRV 4.0)

as set above. The data from above is used to illustrate these calculations. The value of
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conpeting technol ogi es? One approach to answering this
guestion is to take values for the flow rate and
wao edosmessri ¢ t hroughput fromthe comrercially sPCDES®DUNT3324
viral filtration 15 systens. It should be noted that
viral filtration renoves viruses by a sieving
mechani sm which is totally different than the
ds j j ' h raphy., ..
Ret Be DA Pn BRSO TSR0 TRERI AN eetS TR B3P0 Biution of
ERVt= 4iand T redinwritgm @aw dirainsedo2swhich Bre@t substituted into Eqn
nsrrbr ane chromat ogr aphy systens too. A comerciall
G @loag Ffith evpinr-2% 19 t e 1B 5Ol §ardpmini- STheraluayqRE ~s@eeded to meet
rlchrand filters from 20 | .i pore (PBedfard, M.
b8ty lorss B Bund RPRGELNiwALPSE Gt i 130 om 118 the LES of B

C T8 Mme2PR i ouhbul FuBRBnIORR ARt a A mBsi HaQWak BL.€ = 46 cm.
150 L/ n2-h, a throughput of 300 L/nR, and a pressure

dewpvesfthe. \plusas tqonhin topeeetitediahtleaan®@rtaeget ODIORY 4 OTlvitsch
Il;elq inV?)r(Lang-_,Sf %Sc&%l;fgl#sgg %inmr%ﬂ%rl_ ec% t&i%%%%ﬁ{’ﬂofﬂf =t0.08 cl;Er}]/ rvrxl/orlllld exceed

the sqrget satabyve. fThe pinclPRauANRAHRIIMBLORY @Yo BYi8E B design of
One_advant age of menbrane chromatography is a 25 | ower

PresEae ehemspneraghysygems for vir clyeribearidesipBlessstem parameters
i\?l\lglghé/ : i(?ghlgﬁ%{ég?nﬁ%w&hg%ﬁ; c{l ,?]%29 Hilme gf%}%}%tafc{( ?‘Yv‘(:f )adtilgte feed

ase reporte rau
hutivaalyj dndt(y) faktdskddipaonatte cahstard ®Q5This Thiartdé o4se of irreversible
zggess.ure drop is not alimtation. Eqns (7) and (8)
AtPHeNysed for the irreversible adsor pti on case, and

Egn ( : : W L5
o Ple T AL PO o SRR s K,
myst beiknown AE@x(11Dt@nesuh) pley) mod ghepfieed §dRmdomdamicentratidf does not

and viral_ cl.ear anc RV 4.0 set .abqve. The
it o mandst AR GRR Fhe SO0 el GV a0 cannor be
Sahiaed Rtth®Bsse of NReat ABURpRIn bekBudA 200BHLRAGBBRY = 4 for all
PCT/ US2007/ 073324 Lm " needed to neet the flowrate

EaWwnohle yplues el ahleus, thertbrenghriug Trip laselatf o givers vdee pf mandbRY, and
\/ .= = 9 j, pt n. (7). to obtain n =
B5 LRV 5550 2 B g of ndnd 88y P Tmeld GafOh Pl g Bgpoapd o e

ierenersibledad2urpliOn asenis tHeQingdM ad8ordpeibn kiFe, a valké6f ¥ dlay@®e@hosen

Lm'aneeded to neet . the throughput target is found
g ¥alpe of T deteaningd when RV A Thgoyakusaf ki te meask thepygrapglearance

S BRSO SRR LML g

cadduleeed Somdint(hin to meet the viral clearance target

of LRV 4. 0, whjch requires Lmp = 0.8 c Thus, a

menbr HHSTRd R b edds dialis dar taken B0 e PgEvg bk were the
LR® WAk e§ 8r HROYErand BRroRfatdlr ity &9 stBl i S0 IR &leYescribed
can be used to guide 1Eahe desiag{]&o@‘ly Z%rrbrsane ° eseribe
lehneivatetve g Thp bifecs wf theowghpor (=) ah LR\ forapiig4 iDesiwnaillRég. 5. The
fsegdc' goﬁlrxrt]icpnaﬁla% iste%gesfiment was very dilute: 1.5x 107 pfu/mL (co - 1x107" M). The
membrane capacity was reportedly c; = 0.0058 M, measured using tosyl glutamic acid,
and L = 0.1 cm, and € = 0.7. From these values, the parameter T in Eqn (2) can be
calculated: T =~ 4x10™"". In essence, T =0, and LRV = 0/In(10) from Eqn (7). Therefore,
the LRV is not a function of throughput T, and this may be why no dependency on T is

observed in Fig. 5.

17



10

15

20

25

30

10 include: (1) high nenbrane capacity cl, (2) thick
menbrane stack L, (3) dilute feed solution co, and

W@ 2Q080essr2 associ ation rate constant ka. This iBCT/NS100E073324

case of irreversible adsorption. The solution is

slightly different for the case of |inear adsorption.

In that case, Kd nust be known, Eqn (11) comes into

pl ay, ’ | ion does net. 1 )
o et ey B St ded s SRPRERY LBy GRREePEhiptetFnology
ddriRed protiuats stichasim&joctaiahaitibodies nAbge CMbﬁbdldSﬁ}l ?ﬂﬂﬁ)d?r

| i near adsorption pbecause T < 0.9 when LRV = or al
PadSaioast vy GFeH Sranine seghentol i i bioteEhnaloppindustry

i . iy LSl e t
A 805 40y A0 B ROy B L g Tphe 2
Reméatoymgenaes waorldvnide, inclndwg itisd U{xi@ecﬁﬁfﬁ&ﬁ Pobd &bDafgﬁAddﬂﬁistration

e |inear adsorptian case, a value of n may be chosen
@g’@na‘a{l‘?f’ée § dFmefiyation GLesdomhEamBhcomamiaaats brfge a now

icdl ist ' (=T4[o r | 3

g Bl 1ATBL ekt R ERLARC s 4 R syt
1ARB) |Kew compenerds gbthe iassurangk ofivimseifdty orchibenpédfi} virdhwemoval
RS S5 LSS 00 MRl efsgncecaacy
A TOERORsCH tRERIrOGfenil S68IcBM [l rlipoRse foQhd fk%erﬁﬁﬁateau of new
descri bed 25 herei nabove. The effect of throughput (

drug appyovats, theo¥ D4 has mentifed mbsirofiimppitant résearThgofle titht can

i i n-thi i t. dj l.ute: . 5x 107
SO b 3y SRR ME PRt LGl Riad ot
mapdacteitgyscizhee, Indddhiig Nev Tn@tovesd Viehl ka¥edyl st@lteidle@Mk Gigh on

cid, and L =0.1 cm and E = 0.7. Fromthése val ues,

t ﬁé“b%ﬁ&ﬁ@ter Tin Eqn (2) can be calculated: T

4x10-dL. 3 S A = 10). from
e SRS
tidpheugimputical pravash intermedias behallyging niteperrdeng)sses. Virus

i 5. din Fig 5. 17 WD 2008/ 008872
QB e e R SOERIZETE, e s e
th& 1aPESOhieR khel ffhel TebwSRBTHREL YERdral etbdl.%gwgﬁlgﬁ%to 12l 1999,

derived products such as nonoclonal antibodi es .
LygdietapA &) Sulhvab d288). Fhenttase.i thebindingumapanitylof pohers beads for virus

I, T T—

thabeads UBhis phérRindndn 284s D88d pRBRIN: the haginbahPicity of
genci es worl dwide, including the United States Food &

CRYRAMOEARIHF Beadads Bch gremay for smatl ampuriticsehestsel atatens, ehd
chd SR AL CMVoF He f&ﬂ@!g%%?ﬁ‘é?}ﬁm? %fagfc?es?Yg%N et al. 2003).

Virus particles bind only to the surface of a membrane too, in the same fashion as
for beads. However, membranes have a much larger available surface area than do
beads. For example, micro-porous membranes have an internal surface area of about 1.1
m?/mL (Soltys and Etzel 2000), compared to about 0.11 m’/mL for a column packed with
90 um diameter beads. In short, the surface area of the membrane is a full order of
magnitude great than the beads. Furthermore, the adsorptive capacity of membranes
increases with increasing size of the adsorbed particle because the larger particles form a

thicker layer on the membrane surface (Endres et al. 2003). The net effect is that
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bi ophar maceuti cal product is approved for human use.

See Fed. Reg. 63, 51074-51084 (1998). Key conponents
wo@Rooshessassur ance of virus safety include specPdT/US2007/073324

virus renoval steps such as filtration, as well as

smal | -scal e studi es that neasure the clearance

capacity 10 and robustness of the virus-renoval

setee! u_of new. )
o el T SRR BRI oh ERB0Ry BB Haforfl8%izea parictes
andporelaaivelyrlewaapartity Jomssalt matecalas(Defabeh 20@H)e ThixSs the exact

itdc at h .of arqaceuti cal devel opnent. The
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YRR tecreARRE AMRchtikhilRhs t'ﬁ@fg%tti)élesstiiqu%g'tl%g ed Bch@l This
on this list of goals. 15 The nanoneter-sc PE LFTacss

pakasadpiptivecmenbraakewelepitedafor vinalfalearance.
a chal | engi ng

bi op ceutical process internedat
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witiisfsggeRatidns (LpdHidtt &'6!SutiaBH 9P r&&%@tﬂ%%lﬁ@ﬁ%‘-ﬁ@e the
they are too large to enter the fine network of pores
qdrpRtagesofdowaost, smalb volvmenanst dismtsatzility. FH98s, in kystetisatiere

Ll hvan 1998). Therefore,. the binding capacit
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dftearfor hundseds QindsstRekiffes T0H 186 WL &) bP&FcI&AD BEFEEBall H®1). For
vol une of the beads. This phenonenon causes an

ful l | .
b&é&gj TeCY 61 RSSCRGTALION Hepsegtidlagderafgre she ligands iramobiliagtho the beads
e - : i ities, . host-cell

RS P Reif e SERENAL, Rlin ¥fRRbdng MR Vg e

consiganble dorgeads. VTiiass r@zaridiions &% ab ¥a0Hradsdbtive@OBbranes because
ind only to the surface of a nenbrane

Vi rus Eartgfle [ ¢ .

e disposableangudomol ppegfokind the virgs reyersthdy fomoiveldparance
hGEiBRe SBOA Bl BiRdiAE s ARl SRV biBRS 128 bindi

PRGNS SHUIE Ryaell BiRa gt AL A SR B B8 B binding

ligands aae pragtieal nAhe bightadynaaiieeapaéitypbfudisorbtite meRibfdnes reduces the

Soltys and Etzel 2000),. caonpared to about 0.11 nR/nL
a%‘%"rr{’% 88?18% Tgae R’é&%%ﬁbufg% Vﬁﬁanaqsameé FOsBBgEON ph
pali@fdceutidab gide hatR, Alda8ssqfoot BSaclBOHYARE tdnks dnd ]ﬂ‘lerlrl s. These

order of magnitude great than the beads. Furt re,
aglypataggs dag te (Féiué‘?ﬁpf&@?lf}ym?f& T enpensg Gor ioproesseing WThé “pass-
' a5 |.Z . bed, particl e. because t he
B Rt Bt oA B R R R Dk PP R R e o
cempérad ¢o (liEotamgraphy ablun?Q03hich Ehmideds thE h&@tfof & dédidkted room
f18 WD 2008/ Q08872 PCT/ US2007/ 073324 adsorptive

RS MQRQPCIE0R 4 rel ati vel y high capacity for large

nanomehed; ket A prdddiss QHQEE L, %ﬁ 0
capacity for smﬁ ?pmﬁ;ec uf 83 ( %’ﬁﬁ%glf% l%.aﬁef%\ésgrblegs enables
getesicand bracketpp oslidationfstrategies ( Anuat i1 997)f Mhe POR08efinkh dSeneric

{ he rel ative advantage of using nmenbranes =
Clearance study as a situation wherein virus removal and inactivation is demonstrated for
several steps in the purification process of a model antibody. These data may then be
extrapolated to other antibodies following the same procedure. A bracketed validation
approach is where virus removal/inactivation is demonstrated for a particular module at
two different values of a given parameter (e.g. ionic strength, dwell time, temperature,
etc.) and may use any values of that parameter falling within that range. Examples of two

matrix/bracket studies of robust viral clearance steps (e.g., low pH inactivation and anion
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versus beads increases dramatically as the particle
size to be trapped increases. This 5 nakes adsorptive

woreoobioesses wel | -suited for viral cl earance. Treci/Usmmnah73324

chr omat ogr aphy beads were designed for protein
separations, not virus separations (Lyddiatt &
O Sul l'ivan 1998). Adsorptive nenbranes have the

B L e
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fedwudlanttestingt anppet flexehiditysduring, pr&Xbst devel pamenngind Bplur product
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smal | er buffer volunes, |ower consunption of
%ﬂhablnmc@mk foalsmghlerdsmacnd rlndeamﬂehe@f@d¢mmonV®pgversfmrformmg
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st ad medigistiag vabdetingivstsoge dperpased bemelsloaspads, buffer
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Cﬁﬁr{&oper lfp%ﬁenp??s%u a{?ﬁ pun?gg%@nﬁgﬁ aﬁé) | Ctable viral

cl earance by nenbrane adsorbers enables generic and

bracketed validation strategies (Anon. 1997). The FDA

defines a generic 25 Fable hn s a situation

wherein viruys | Hvaty trated
for several %1%05 |A'%E§dc H(\éat gﬂa@og?ﬁw f a
nodel anti bodyETMese dddb a nay>ﬂben be extrapoliated
to ot her antd hnrh es+f ol l-owi-Ag ’;hn sahe p_lrnr\ndlvqc A

br acket ed vall ‘$on &B%roa ’HQfWhere virus
renoval /i na¢H YA pN | Sydemgnsigated for g partijcul ar
nodul e at tmg' ifferent valjues of @ given paraneter
(e. g ionic strength, dwell tinme, tenperature, 30

etc.).and may use val ues of that parameter falli
Wi t h.ﬁ%ﬂet firong @awaeexg’@@ﬁm%%twf apygpethyrimer i peRtm chioride,
AL AR b RIS tnodal ﬁbw%@%ﬁ@ %1§$&§y§)7a%ﬁn9, FAERM%ARyrosinol)

i nacti'vati on and ani on 008/
SPOT/ayS2007L9F03lRads (see Table 1). One advantage of the present invention is

that the membranes exhibit robust viral clearance, even in the presence of relatively large

concentrations of salt (e.g., 150 mM salt). This is important for achieving robust viral
clearance because many process solutions used in biopharmaceutical manufacture have
conductivities in the range of 15-30 mS/cm. Multi-modal ligands are anion exchangers
with secondary interactions such as hydrogen bonding and hydrophobic interactions that

make them more salt tolerant (Johansson et al. 2003). Salt tolerance is measured in
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exchange chromat ogr aphy) have been described in the
literature (Brorson et al. 2003; Curtis et al. 2003).

w®e@skessrng and generic validation of robust vPETIES2007/073324

removal unit operations were proposed by the FDA to
streaml i ne and update the overall viral safety
assurance strategy for clinical trial -st age mADbs.
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advant ages. For exanpl e, using nenbranes elimnates
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al i dat i es ar of t stu in ocC 0 .
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BQ{ i gBmx{?&y cﬁ E&' a@niﬁ/ eca%EMg'efe%tthEtlib 1‘% NBlon¥PHI QAT REA is 25-

Large biotech ohrpani s meking large quantities
mhesamsremglteoleranmhlan thel @ ligambi{Jobanssisa abéﬁ%)l t greatly
her luction i.n  cleanin ta li

vl oL whadEERd Mebnal & e R ble et rdfedfor use in

ﬁ%{eﬁ@ﬁurmaﬁgﬂnﬂﬁ%ﬁto‘h s ﬁ&‘ﬁlypsﬂﬁ%le ab @rl‘lléﬁndiﬂﬁ a disposable, virus-
phar maceut i cal - grade water. e Li gand Panel’

tragpargimambrant | lolpKaomfraangOQB) mftcved tﬁmmal fo protd@il purification
TAEA No 7.7,. 10. | 10. 8 M tr
ks, ot Broed b e Ao Erapl et PrrBe TR A A tone

@hbMarﬁmera&QnAE)TMraaanwemui tNevBREREssMir@hA@Samines resulted
(tris(2-am noethyl)amn ne, TAEA; and tyrosinol) serve

iadiighes Rsridrasgh rpreifips comparetap the bept naEometamiarexdrngers.”
{)}%SIB ﬂﬁl%t 3 DY ggé‘a&éxo nhiic &H&‘ihﬁtc?;ﬁa Hgﬁ%%ﬂ@gve %ﬁl» e five best
Vi ra ar an even resence O

fi@l-abinaet ymbaxegehang@ ngzamits,r aidi 3otimed greatbit thirethg.Q lidadd widn tested
r Qbust viral

BTGl o e 8 iny DB U dUFIES Bn OTSEmeh el because
BlLARRANIRGEL L %qug%w&ﬁyw RS SORANG Y RSBl virus

|nterangeo 1 cm Milti-nodal™ 1 gands
@appory Bohangdrosvever, ate chﬁ%mndﬁwm and demnatticablyopposed taghose in

A0 0, S SRt £t eractd o1 LDty e inaing
pratdin trhe FRBCAediamMeReeiafs mAb)2fust be minimized. In virus trapping, the
binding of the virus to the filter medium is preferably irreversible because there is no
need to recover the bound virus. In contrast, in protein binding, the binding phenomenon
must necessarily be reversible or the desired protein cannot be eluted from the column.
Preventing mAb binding can be accomplished by increasing the pKa of the ligand
so that the mAb and ligand are both charged positive during loading. This causes
electrostatic charge repulsion of the mAb from the ligand (Boschetti 2002; Morrow
2004). The virus, in contrast, is either negatively charged or is neutral, and binds to the
ligand. Tyrosinol, for example, meets these requirements. It has a pKa of 10.8, making it
positively charged at neutral pH. Most therapeutic mAbs tend to have pl's between 8 and

10. This narrow p/ range is because therapeutic mAbs tend to be human IgGl, orto a
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WD 2008/ 008872 PCT/ US2007/ 073324 conparison to the
conventional Q ligand (AETMA), which rapidly I oses

W@ apaoidsy2 f or some viruses (e.g., yX174) at PCT/US2007/073324

conductivities three- to six-fold |less than the target
range, e.g. dropping viral clearance froma six
| og-reduction value (LRV) to a one (1) LRV in going
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doasstelectostatic omage palsionrof@xabiangechl ds gadHdSlonalnghtiB6dies that are

i eater than the Q ligand when tested
IFI%E@Q' gg{lﬁ%&e}#@?g@% ﬁ@Q@h%rgfﬁgvME&dﬁ%agideé}ngeteéasttrbyatic
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goal's

bound protein. The fundanenta or a di sposabl e,
fynqtiggalities apdergg onbymonanmalchomeevationawith did Figrseindf froféins. The
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apgiatti one pu bothi of alids® finctibal@efdi Ny  protein to the
filter medium (especially mAb) nust be mnimzed. In

vi r u§of thepynisty, XPhide dsiredipogitivé charge wi meugrat gH tinebe achieved by
L& I um. | referably irreversible because there
th Sl’%‘ggha@%& o ?%@ 8U&FFh é’¥ %ffaﬁ?ﬁ ViReat 1 o gesien dgmary

(RNHg), Gé@indarpi(RENHY tertif (R NHiang qRACARRENRRes {Ré?\tr: ) are examples.

necessarily be reversible or the desired pro
cann&er e niely q the desiredh secopdlarmnteRBtidhsear bma romNon-covalent

iRiadi conpl i she i ncr easi t he pKa of .
R 94 60 BEGLH lhRE MEeR e,
dipoker-dipdlepasictibn endution @ffecading Qlisg)gﬁloi ferles €Por example, hydrogen-
beI ctrostatic charge repul sion of the mAb fromthe

PRYS T RS ORR sTIginatedym stpng dnpleainlg intaraetions inwhichr hydrogen
afofIMerASlas albPidEl blS/eNRARLI 95Hs pil "2 i

and bi nds to g%e °F g%%#ﬁ%&&%l & %?ypé%ilﬁg‘ﬁ eﬁ SEN Amides
(ReeD¥RiHesear equiplebeat . the hydragemthplda covaldilySouf@kd the N

it .
atom can be shared with the O atom on the acyl group from another amide. Hydrophobic
interactions can originate from non-polar groups such as alkyl moieties (e.g., methyl,
ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, isopropyl, isobutyl, and others) and aryl

moieties (e.g., phenyl).
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30 positively charged at neutral pH Mbst therapeutic
mAbs tend to have pl's between 8 and 10. This narrow

w@bkoosaosse2 i s because therapeutic mAbs tend to PET/Os2vaTI073324

lgd, or to a 21 WO 2008/008872 PCT/ US2007/ 073324
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A broader impact of the invention disclosed herein is to affect regulatory policy
regarding biopharmaceutical manufacture. In short, by applying chemical engineering
principles to regulatory issues of prime concern to state and federal regulators, the results
generated can guide public- and health-policy decision-making. A potential major
outcome is regulatory relief for academic centers and small biotechnology firms that are

developing therapeutic mAb products. By establishing bracketed generic conditions for
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(RC=ONRH) are an exanpl e because the hydrogen that is
covalently bound to the N atom can be shared with the
w@2@B00880Nn t he acyl group from anot her anm de. PCT/US2007/073324

Hydr ophobic interactions can originate from non-pol ar

groups such as al kyl noieties (e.g., nmethyl, 30 ethyl,

propyl, butyl, pentyl, hexyl, heptyl, octyl,

i.sopropyl., isohutvyl,,and others) a aryl heties, .
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Profect fRsuli¥ah &by of perforfidd ostll add OAR-@hsuihg 4liddtion studies.
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an 1 Cr Opor Qus. msn‘gr%ne mat eri al including, but not

TPRT pige (Nt I ANY @SNt gener at ed cel | ul ose,

cellul ose diactetate and triacetate, cellulose 10

nitrate, polyethylene, polypropylene,

Ipainyde her sul f one, pol vi nyl i dene difl uori de,

pol y hyl net hacry] at e, , and | ycar banat e he . )
Porr S grias s dseiorad hrSlhaRis e held 6F yieg! clgpgpnce
SRkt Al ZRokive menibPank. fRodick SToRVFA RQSArce dantdt remove neutral
menbrane with a high surface area for the internal

yviorses Semfeedisodutions Hawing even Maderptetsylp pengentjatians Salpterance is a
Fi or . Sive . . .

] AR BEO S A IR e RIS RIS g s

Joditione uket i@ Shepfabd edioniof bidphafreedutsal pitodacts mhisecqnoaie salt to

surface chem stry may be nodified to include polyner

BPANIZEPEOBICt pEIReHESN: o | ncrease capacity over the base

mat er géﬁveﬁﬁoﬁaﬁ‘ &d e%ﬁgﬂgﬁgﬁ Etfordu&t@ ufi%‘iéab@?a%énar& ngmeo ligand for

| igand chem stry scri ve wou applied t
tihdingoirysmr The AMURTANGH®UIbesd pOpduce shhogtiodeeample dflae

resent i vention S to, att.ach seg at el but 1on t he
Eogventios! fibiatien membrae thehovll VR R nerIoNh 4Pl guuses in
SIMAWRs kitht Kbk vefy sthhi@ball SoncbhtAiddEs X8 w%? Of Miusatibd be

attached separately at sites adjacent to each other on_|
MESTAMNG 4 @-brand membydng wilgpapsag & neytrak siruniselddl pk=0.6)ina

R N T T T
SARGUARIY nbidoRtaAC hntyoitRledl EANTNAURNSeefiga8)(14-). But performing the
same separation, using the same feed solution that contains 50 mM NaCl drops the LRV
capacity of the membrane to essentially zero. See Fig. 8 (-A-). The same effect is seen
at 150 mM NaCl. See Fig. 8 (-m-). In short, at low salt concentrations the virus passes
freely through the "MUSTANG"® Q-brand adsorptive membrane into the product.
Similar results have been shown by others. For example, when the "MUSTANG"® Q-
brand adsorptive ligand was immobilized to a polyvinylidene diflouride (PVDF)

membrane from Millipore, viral clearance of X174 dropped from 6 LRV to less than 1
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(2) electrostatic charge repulsion of proteins such as
nmonocl onal anti bodies due to the 25 |ike charge from

WO p@aneBsXO+. A broader inpact of the inventi onPCT/US2007/073324

di scl osed herein is to affect regulatory policy
regarding bi opharmaceutical manufacture. In short, by
appl ying chem cal engineering principles to

LRYURn0dalt coBcnB et whd fln&%aﬁa (ﬁég th gO%ﬂtsg ?lghqlr%lpé & Ltz 2003).
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Hmotignificansd of é@sq resylts is ehyat dalt evicentsavinki figthe A0 PAVIHY 5@kaM
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freed for more fruitful purposes, accelératin

TECRENIZ5H Vit Yor grodefiag Hﬁé‘Lﬁl@(ﬁan@mQﬁéang@rmmtmgem 5
EXAVRRS rr-gﬂtew;a‘? kif‘e?ég' agﬁle?ﬁ%%ng'g eg}( %ﬂl%lalﬁgct%ﬁgg als seiloylld preclude

to provi de a nor e ¢
theypresdnice of dinsseb asthe faﬂcboﬁit@hl‘rﬁiréfﬁlr@lnﬂol JthRl e Edw
the scope of the invention in any

‘%&fnﬂﬁq%ﬂ‘ou%h@(%?% Hitm@élqnsrvg% fHA élhqmalaﬁ@btwmgawob@sed See, for
eRhAPleCiRe %%ﬁé&lsdgcﬂmgﬁeutfehakﬂ Bhed] for fi‘nd l&/ aé?%c; e\@ﬁl Safety

conventl onal sorptive ne rane
Eylablatlam QéBmaﬁwhmlogyeBmdectrsélﬂrﬂvadi from (EélBEﬁesfd’f(HﬁIﬁa@lQﬁ' Animal

d e salt _concentrations.
it pIPEra ety eTane e nect b tnprmasaiab Gonfgrence on
Haehusikatin' ¢t Te@hlﬂ@ﬂ%ﬁlréxﬁgﬁ’[ﬁ‘% raf6§ BEBG, &Qp%twals for
rocess solutions used in the fabrication
}& serfbedt (Tdwuy dcpnmsmt:nssmd@ls refentai in tls?inﬂlégtgjr a;t"llsfel Q5A.")
Conventi anal ads

nmenbr éﬁgSpg: ogﬁgj%a&lg hg&éﬁ%{r@w{ggyng&p%eqs' Y5Hd

cbmamldatmnb mgn(yprbmﬁﬁg a@@senw&%ésﬁé efenby BRLRLAW Slany

is a exanpl e of a_20 conventional filtration
PREHEYE gﬁ Er‘{cﬁ%ﬁ(f% pmpley fromepitanynatedriare mateninlsab contamsated

pﬁcfkaging). Thus, it is impossible to predict with any accuracy which virus could be next
introduced into a manufacturing process. Therefore, a manufacturer must be prepared to

remove all viruses, even neutral viruses.

Example 2:

To solve the problem of salt intolerance explained in Example 1, eight (8) ligands
were examined (Table 2). These ligands were evaluated using two different function
tests. In the first function test, bovine serum albumin (BSA) in 20 mM piperazine, pH
6.0, with and without added NaCl, was incubated with a functionalized regenerated
cellulose membrane. Bound BSA was then measured using the bicinchoninic acid (BCA)
colorimetric method. Function test 1 measured the static protein binding capacity of the

membranes under conditions where the pH was close to the isoelectric point of the
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solutions that have very small salt concentrations. By
way of illustration, "MJSTANG (r) Q brand nenbrane
waowdo/oessmove a neutral virus ((pX174, pl = 6. 6)CT/NSAW07/073324
feed solution at pH 7.5, to a seven (7) Log Reduction
Val ue (LRV), but only if the solution does not
contain any added salt (NaC). See Fig. 8 (--). But
StelrpIbNEshhe Rhald I sane, f eed
et T o That - Sont o o RPN e pistififad 08y ¥ B8e and
Wit ye ofaddbdsalte it afist fimcéesest wal degigaed & mdee thd Binding of
38 e(J‘Er'g%')i' ST"Vq)eers‘e}lﬁrre ef fect iks seen at 150 mM Nad . See
egtralgnipusviere ihg charge ds wegk'| o\ sal't concentrations t he
Vi r uFupasseest F mealvedtthe y RA@E I
adsor ptive menbrane Fﬁtogﬁﬁgﬁipgﬁﬁg?; 1 .ﬁ??%?q%gﬁﬁﬂ?s
nplized nadlwandsyin Spwenede Wish TExarfiet €10 mhETiris, HemM EDTA, pH

®

2 ' d radsorptive |ligan S
AR e G RN T -
cathutbscamnembraass Mvidd (pos Pm pore Alanfek @ AUsRBGEH g% é@lgﬂether. The
groPped from6 LRV to less than 1 24 Vly 68/ 08872
apipreddpenlrany wapthen braminpied. Sastly the tigamt wast Goopledas the

aS& ta.50 alt,(BPhillips & Lutz )
The si gnlgﬁerc@nmé%yg& H?%%Igye?l 4 'tfhﬁ rseSLflﬁ ¢ ghigwn in’(201¢ 2
concentrations in the 50 MmMto 150 nM range are not
uncommon in the biopharmaceutical processing industry.
In these exanples, the neutral virus (pX174 is used
because is one of five nodel 5 non-pathogenic
bact eri ophage viruses commonly used in filtration
studies to represent the ganut of physical properties
of potential adventitious viruses of danger to humans
(e.g., size, pl, presence or absence of a nenbrane).
In short, the Y X174 virus is an art- recognized virus
for nodeling viral clearance of dangerous pathogens.
The current viral safety assurance strategy for
bi ophar maceuti cal s should preclude 10 the presence of
viruses in the feed solution. Careful control of cel
lines and raw materials should al so prevent
i ntroducing virus into the manufacturing process. See,
for exanple, the official docunent titled "Cuidance
for Industry: A - Viral Safety Evaluation of
Bi ot echnol ogy Products Derived from Cell |ines of
Human or Animal Origin," published Septenber 1998
under the aegis of the International Conference on 15
Har noni sati on of Techni cal Requirenents for
Regi strati on of Pharmaceuticals for Human Use (1 CH)
(This docunent is widely referenced in the industry as
"ICH QBA. ") However, despite best practices
t hr oughout the manufacturing process, vira

=
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contam nations in bioprocessing are essentially

stochastic events that can arise at any point in the
w@eesoss7y f or exanpl e, from contani nated raw nMBCEUSENF073324

to contam nated 20 packaging). Thus, it is inpossible

to predict with any accuracy whi ch virus coul d be next

Thao

i ntfoduced T nto nufacturingprocesstherefore—a
manuf act urer rhlst e prepared{to nenove all \iruses|,
evenh neufral viruses. Exanple 2: 2% To gol ve tlhe

proBI em of salit intjol erapce ekpl ained in Example 1,
eight (8) ligands |were exam hed (Wrabl e|2). These

[ gﬁn ere eval ugted using twe diff.erent, furjction
test’®87 | h Phe|fiFst| fancti®n test, |bovi nevserym—

albumn BSA) {in 20 nmM pj perazine, |pH 6.0, wjth and
wi t hout pdded|NaCl,| was | ncubated Wwth a
functionplized reggnerated cellul pse ngnbrane. Bound
BSA| was fhen neasurled usjng the bi¢inchoninicacid

1.0

(BCA—30l colotinetrlic nmethod. | Function test 1 |neasurjed
the| statjc protein|binding capacity of the nenbranes
unda&%onditi bns where the pH was ¢l ose|to the
i sogg &tric point of the 25 WD 2008/ 008872
PCT@SQOFONQO?BSQM pravtei nB(pl & BSA =|5&L). I & thi
funnglgon test| the|protein had only a vv|=ak char ge an

131

S
d
sitivelto added sfalt. [This first|function test
S
h

was| s
was| désijgned to mc the binding pf afneutral viry
where the chafge 1§ weakl. FunCtion|test|{2Z nmeasured the

S
t
é,RVdg the neutral virus cpXl74 upi ng he 5
ﬁﬁung gonal Pzef @enbranes| iw f| o® npde w tk TE|b& fef
MV Tris, L mMEDTA, |pH 7.5) with aphd without
ﬁadd d—NaC-—Each lilgand lwas ilmmmbili zed| ont o

150

egenergted cell Iose menbr anes havi ng| 0. 45 pm poce
i anet er] using allyl glycidyl ethef.
rang was then brepm n

;

~¢oupl ed to tHe ment ang
Aidand. [The resulés are
2008/ 008872 PCT/ 632007/ d
s |2 5—z—35
: |
w
T
o
T
o
<
T
2 2
£
=
=
§A -
< ~
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29 WD 2008/ 008872 PCT/ US2007/073324 The first |igand
in Table 2 is the traditional strong ani on-exchange

wWORi080988f2 am noet hyl tri nmet hyl anmoni um chl or i deCT/BER0NA$73324

used in existing products such as the "MJSTANG'(r)
Q brand nmenbrane. As expected from Exanple 1, AETMVA
was not salt tolerant. It rapidly |ost capacity for

the Vikdisrs{ Beatl i rabons ﬁfe t g{c’ a?te gxagnonl rexchange moiety [2-

concentration. The other [igan
@ampethblltremathylammme shioaide NAETNIA Jtuzed nmﬂist@@ products such as the

ROSFARE bRt bigmprdne: 88 arotf hpmaisaioihbeAETME was not
@E%l@f&ﬂt crﬁ YOG @an €46 vi Wan AR ﬁlod?ljate salt

group devel oped salt tol erant

C‘mﬂé‘tl@r’aﬁgnu& ng regener abI e and reusabl e agar ose beads
is distinct

Th h
To 68 Rl A o GRS S oo
JoRarisbén €:QMt(2803 )Phat JarBEEY f)ﬁﬁélH bhﬂﬂca‘?{?‘f%gss&éltrxgg? R Qff 2Rarance)

needs to be easy, reproducible,
UPHgAZa05€ ?W@%P%W beadse ihe Jxrhansstonres alpgeiup ldE&ﬂO]iEﬂ sdB €olerant
r ed th

nes. i S pols ef t the
AR Bl LBl R BinebedrRreble Gl BlcrBeas Beas e goal of
th@pﬂaseam evorls, HoWeeMgafsSdlitinet bdcasdel thie ptoBldni'® Y @8RAs viral clearance
rus is cleared fromthe 15 process

vention, _the ij
i gr%&%?it okt wapy 9eryng pme%e%p@ﬁ@emdm betsiasy repreducible,
ahfSLRRRMIL CTRIO et!h@ prelséht%\%%{lo? eC]tS éngge%{?h e Falsposarlgl

i nvention, Vi I‘US trappe

nigmtgemrsss ifbis yrlso mrefeﬂrédsthaﬂmmbﬁﬁlﬁlfg invdradten bbvdel 2R Al4tang the
The

ei n. tar i s_not adsorbed to the nenbrane.
"E%%Q?{Fn%'é r‘ﬁEi? lies Leston tthe pocsert inventioni the eows Brelaasadi foom the
p@écewm%%@lec@@élﬁ hes m‘éfnb}zﬂ% dobDRSIRGH b ‘fhé%éf%[lﬁ& Erotem In other

product. That is,” rather than use a positivV
wWargs Mdt}le(pr@ﬁnfdnmtlbh,evltdses tipepetli seleptivad wam in@Serisibly onto the

t t til
RS PRI sl dpERdaust Bibadodedio hednamanenThe
sﬁehﬁ nielrrgﬁﬁ!d& (sehérs@idpdsed (ERRNd &fh@amﬁ@t%ﬂ bf"s%boé' gﬁ@xﬁ(r&&‘ﬂes of the

thera eutic protein, and sinultaneously
PTG BIojele REdyetd That wu@ther Heanaisy arpeﬂbwlmghangetﬂ tigand to bind

tﬁeﬂﬁr& Nyl el acity
SBRRREIEAE. B hEPMp S A3 o D indinar 0688 %s
dmieltrmlly loppoed @apr@ac}t Yheoposbrelthhigg @adhd Reddngugd to repel the
& e{]' vel g (gh ed. protein (BSA However, viral
PRYIEENY Fhasde b CreREHid Areisiy Andhs mvsanegysixdyind the aagasively dhgrged
Vﬁﬂse KBS yGRRBG kNt R5m thd) pacity (Table 2).
I n addi tqugn gl t trg er op'ésgglg pﬁ%ﬂpr ot ei n bi ndi ng
capaérstsyen m/a”sg r%themapaceﬂyaifedclv\&gdnd\&b bhhdsal dhidn®d @fedddeRlated
ﬁ \{lrl clearia ce. In s é the results shown
well 'with the capacify of each ligand to bind a negatively-charged protein (BSA).
However, viral clearance for each ligand was not as well predicted by the dye capacity or
the protein capacity (Table 2). In addition, salt tolerance of the protein binding capacity
was not correlated well with salt tolerance for viral clearance. In short, the results shown
in Fig. 9 are relevant because they demonstrate that salt-tolerant viral binding
characteristics of a membrane are not predictable from the protein-binding capacity of the

same membrane.
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in Fig. 9 are rel evant because they denonstrate that

salt-tolerant viral binding 30 characteristics of a
wOoreenb/e8se2 ar e not predictable fromthe protei nP@I/N820Y073324

capacity of the same nenbrane. 30 WO 2008/ 008872

PCT/ US2007/ 073324 For exanple, the non-aromatic

| i gands TAEA, DI P, and AGM all had si m | ar capacities

for tihg eQXIﬁ%l%nt‘#ne nBh- a%’uc% ngé 9 D%ﬁ;a ‘;&WH had similar

cl earance f was nuc
qammit@@éer theblye ag) forl‘Bﬂ/EOS&r Elg5@| But ‘Jafaﬂ! b&ﬁfaﬁc@fortlbﬂiﬁ%s much

DHP, and AGM but salt
BT B IR P ARV (68 MahleD aored v Rdaisneant (rBSA

f ot d [t
c:agzlﬁﬂétry gg{:s es-lrrg;ffﬁ f@fq EA%ADE% él%??&%g& sllaﬁ t lérgﬁ% gf\q%gclearance was

nm:qh legsrfdr RBIP, thamtbr HiAfire st AIGM. BGthe aeemaizidlgands kalt olerance of

RO B28hyed Ve BU BTG Bl st o e Teble
Z§UM bttrast, kdll toleéXnte Dadird ddBNRE veRlhiaHe ! 6F 2 eaﬁ(f’&mﬁ%for
t han AGM or TAEA, yet OCT gave a su gost ant i al

%T,t TR aad Afle Hustherstilla OCT] @eﬂrmghenshhmole;@nm BrSA than AGM

neut

anl oH 539?%1 aggéos%lgs%}l ﬂ?’ iqwe(;ga#t g?le’igr ot§5th atr%‘ce than

AGNIcoraT AlALt Tak ability®. bidd'@ naltQilBEdtéin lah @ 80 Fnid i dy§ vs not
gopd, exanple a ligand rejected for use in protéin

pasrhctivedar the abwise @ibpﬂ&ﬁﬁgﬂb$ proteln was t 0o
S ailg}ﬁat;m%ahh §378;s ol c%o Y'Es)e(arlmﬂ S\Enhgaﬂd ﬁ%{ﬁg& %r uﬁc-hm protem

for usein vir cl earan

puhﬁceahxmdmczmseblrﬂd@e@f ptStefakis tod Vromx Mk TR l@aﬁcR\ﬁonever is
4 for virus. Clearance dropped to 2.7 LRV in
Vﬁ?ye‘gélﬂ%teéffowewgﬂweaf%a ésghwwm Rableg, lprth«sme@ceo:ff added

sdiROr YiVegidbled 4 PRYEITES HrHuve trelaéa?ﬂ? 8fo!lpggd {g}% YRRV in the

AETMA, where cl earance was neg presence
pesisergg|af SO 0AM sald, and, 0. Th83kinrths piesanck lof 150 mal ealt Heheordstilts were

I l t d
i85 LB SR Bk g B e ER o o s LRy -
odiyf ffﬁésfé%suﬂt& AMstaR the Pdihi REERAL ?e@%néﬁds?o%ltttﬂbﬁﬁﬁmd
and reusabl e beads for protein purification t

dispgwhiesmemprapeslgr visel qlem;arp:p @taeﬂOrﬂlffpr@nt fromahé¢ mquaereents for salt

t(ﬁ&‘ﬁhlgagxqtr?lgs%blt%olﬁgg& {'P q?gln gUIiIF %tllpg f?aél gqugﬂejggtngmﬁtﬁ%protem

padficaniongee dﬁsnbdﬂ@ncpﬁ@sﬂéﬂ fo? birkl¥&@Rdricen 1s that basic
proteins, such as a nonoclonal antibodies (mAbs) are

not bound to the nenbrane. This is acconplished by
EkfapRasi ng the pKa of the ligand so that the mAb

In addition to salt-tolerant viral clearance, another advantage of the present
invention is that basic proteins, such as a monoclonal antibodies (mAbs) are not bound to
the membrane. This is accomplished by increasing the pKa of the ligand so that the mAb
and ligand are both positively-charged during loading. This causes an electrostatic
charge repulsion of the mAb from the ligand, yet has no adverse affect on the abil ity of
the membrane to bind virus. Most therapeutic mAbs have pl's between about 8 and about
10. This narrow pl range exists because therapeutic mAbs tend to be human IgG1, or to a

much lesser extent IgG2 and 1gG4. Because the V regions of an antibody are a small
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ability of the nmenbrane to bind virus. Most

t herapeutic mAbs have pl's between about 8 and about

30 10. This narrow pl range exists because therapeutic

ﬂg%b%t e

exteﬁ%ﬁﬁgg%ggﬁgmﬁgggﬁ %ec‘hggg%hgnkﬂlggagbg §§ €y Thus, mAbs

ap ety charged pomtilve aBdeuvi@l [FA08hi0D PBF2nts binding to anion exchange

[ YUS2007/ Q7 ercent age of the total nol ecul e,
il SRS Ll 20 S B T e s ke 2 varrdy ot pls, and
Iﬁir@@‘eﬁ@ga@llvkwc%ﬁﬁgégﬁﬁnéh@él fgve at neutral pH which

prevents binding to anion exchange media (Curtis et
al . 200N, forgxamples mepts these resuiremehtandt, hasavpesiaive ahdrgé ¥t neutral

(LR Bl Bty 7 R 20 87 7 . e e mihods of

BExagiple El’mchﬁlﬁ)saﬂlé hi2fo-pordas 'r%éﬁ@ra@é@l@eﬂﬁlo@é Vi'?'l?sl*'{rﬁﬁhng REmbrane
because t he guani dine noi ety has a pKa
wesdabriiatrg qostaimeg thstligend AGIM lmxlvﬁized 2n tlaf: niembnmab Tae basic

I t ' :
PREhRah AR 4 B P ST B e, o seRpion
compuikink itFeegkuamnl ¢ine (@EM@G&) 5 gheofhBS basic Iﬁlﬁﬂsﬁrﬁhﬂonuclease A, both
ri bonucl mAb surrogate.

{A 5) was used as a
dsp BB EE Bt Boniorvin | vV O Ra. P Damith e
I‘?&'@j Walofddd 184 Ethgﬁ%epi%ﬂn 1@%&&?#&3 a}eb ous |1eELgA1@ aearance

di ssol ved in
W,as 5))'; redii¢dd tyrtlle wetsdmwtof dededic pli%t@n, PoR 8xdrisie)] Qﬁl)rﬂlﬁl'r&l tlo a viral

1 nggg EﬂgY re shown in Fig. 10. Vira
Cer‘re DraRte” Q-9 Bﬁic pateip aad pibgutgIdiith added salt
(Datsié ©), PeOkifi] BleafaQte R%aslmhewasqméﬂz@?d %%%nadﬂ\é} Eﬂm%{he basic

clearance of 5.5 to 6.0 LRV wi t hout bas
peiein L RNGu6.OaRig. WX Hrlad;cgmﬁcaam oﬂlﬁls(e'kainbte la)wome it
ce far AGM was not reduced at aII after

teonal RS el Ay drPRE AT presmb i erigen ag)simiameous
r@ugﬂibn‘ oftRBiePrétkink BY SleenaihEcHafed WPu1kighd: it
denonstrates salt-tolerant virus trapping of the
present invention and sinultaneous repulsion of basic
proteins by electrostatic charge repul sion. 32 WO
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CLAIMS Wi} | $a6é @bRBGuffRiently hisHioSBAS 8i€ proteins via electrostatic

virus-trappi ng nmenbrane conprising: a disposable,

m cro- porous ficherge remidermne; and a |igand i nobilized

on the menbrane, wherein the ligand is dinensioned and

configured to: (a) irreversibly and selectively bind

viruges, amd vify-thpyiagnmetaasibiiCiaingnf Witerbinghe figandad e multi-

basi c proteins via electrostatic charge repulsion. 2.

“?H@lWPPW@X@FQ&%P&@Khenbrane of Caim1l, wherein the

ligand is a multi- nodal anion-exchange |ligand. 3. The

virus-trappi ng nenbrane of Claim1l, wherein the |igand

has &. positeiw@sthapgg nedmipkhe/of @laind hewkiéreinghé ligdadiHag a

menbr ane of %in11, wherein the ligand has a pKa of
positive charge at pH 7.

4. The virus-trapping membrane of Claim 1, wherein the ligand has a pKa of
at least 10.0.
5. The virus-trapping membrane of Claim 1, wherein the filter membrane

comprises a polymer substrate selected from the group consisting of polyvinylidene
difluoride, polytetrafluorethylene, polyamides, polyamide-imides, polysulfones,

polyethersulfones, and polyphenylsulfones.
6. The virus-trapping membrane of Claim 1, wherein the ligand is

dimensioned and configured to yield a log-reduction value (LRV) of at least 1.0 for

neutral viruses disposed in a solution comprising 50 mM salt.
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at least 10.0. 5. The virus-trappi ng menbrane of C aim
1, wherein the filter nenbrane conprises a pol yner
WG aipsossre sel ected fromthe group consisting PET/US2007/073324
pol yvi nyl i dene difluoride, polytetrafl uorethylene,
pol yam des, pol yam de-i m des, polysul fones,
pol yet her sul fones, and pol yphenyl sul fones. 6. The

V|ru trappi of, Cl ai e h and
Z nengll%o %Wﬁgﬁ%%% nébdzri%e tre(‘)lafm !h\aﬁearem tfle Fgandq
dmensﬁcﬁﬂd @hd oon{ikadréteto(idt¥)a 164- ramcﬁ@asdlueumw f at RRLH T.alfor

viruses disposed in a solution conprisin nv sal t.

ngptrlietsl gosel R FRolytigszooprieng3 29 mM. sa he
virus-trappi ng nenbrane of Claim1l, wherein the |igand
i s dinmensioned and configured to yield a | og-reduction
val ug. ( LRWheairuatrapgiag imehtRadeost Clagnl f\ﬁherbhlnfthéﬁgand 1s

di sposed in a solution conprising 150 nMsalt, 8.

dppenponed amb P?fg‘l%%ﬁomd aflog:reai'uﬁﬁlqn valpretd ) efif 1qaﬁtg5a@1 Epr
%
‘3%3"% uct n va O?E&{n/)c%@gm'gﬁg adsﬂt@ﬂ %lto for neutral
Vi ruses dlsposed |n a solutlon conpr|S|ng 50 M sal t.

9. The virys- trag$ rane q@» g n% mFe{ .the
Iigartd i s TGV 2BHIE re%?ncrf ainL g whergindhgligand is
difensi Y ahd Qéhﬂ@'ﬁlré@to(yjtm 184-rucliGRSuSI RV P at TE%E‘{W @k‘or

viruses disposed in a solution conprising 150 nM salt

ng@tral irgsesi disposed imppiohyiomeempaniegdbOGMisaltl, wherein

the ligand is selected fromthe group consisting of

tyrosinol, tryptophanol, octopam ne,

2- amgobe i Hida£@bging renbr SHeH (N8mP 1 PyREemRE RPARSs selected

tris(2-amnoethyl)am Re, and agmatine. 11. A

fmns@@sea@necon@usmsoftryappmgrxmvg\ﬂadeoemmmeuZagnmabenmmldazole,
| S|ng

PR Ty e bR R et d RS A SRR 22,

on the nenbrane, wherein t he Ilgand i's selected from

the group c nS|st|ng of tyr03|nol t rypt gphanol ,

oct ogém net @P%%%Pﬁoﬁé‘fﬁzﬁf%ﬁpéf&@% rane Comprlsmg

1, 3-di anmi Q%%Ogé‘(gé REERLORBICH I Ak GARITAR J(}yg Qcﬂ%}%ﬂﬁldene

and agmati ne, furt erein th
i rrevéhgirideyargind sel ecti vel y bi nds V|ruses

a ligand immobilized on the membrane, wherein the ligand is selected

from the group consisting of tyrosinol, tryptophanol, octopamine, 2-aminobenzimidazole,

1,3-diamino-2-hydroxypropane, tris(2-aminoethyl)amine, and agmatine, and further
wherein the ligand:
(a)  1irreversibly and selectively binds viruses;

(b)  is a multi-modal anion-exchange ligand; and

(©) has a pKa of at least 10.0, whereby basic proteins are repelled from

the ligand via electrostatic charge repulsion.
12.  The virus-trapping membrane of Claim 11, wherein the ligand is

dimensioned and configured to yield a log-reduction value (LRV) of at least 1.0 for

neutral viruses disposed in a solution comprising 50 mM salt.
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(b) is a nulti-nodal anion-exchange |igand; and (c)

has a pKa of at |east 10.0, whereby basic proteins are
wo eslobssd2 from the |igand via el ectrostati c ch&r/ys2007/073324
repul sion. 12. The virus-trappi ng nenbrane of Caim

11, wherein the ligand is dinensioned and confi gured

to yield a | og-reduction value (LRV) of at least 1.0

for neutral viruses disposed in a solution conprising

50 mM salt. 39 WD 2008/ 008872 PCT/US2007/073324 13.

The MBI us-TheapRb-Agp PR RAcaNRaRf of @ldinm lllwhét\ﬂﬁ raed eanbgs
i gand is di mensi oned and confi gured t'o

a
diroepsiangd end oenfigareelo(uetip leg- reaipcm@amluel(ldwb@f at hpastt k@ for
Vi I yses di spose 150 mM sal t.

nﬂtr THESS qﬁﬁ)os?(ﬂélpapsonuguor%re rr%‘ P glrsllélgqga é ai mﬂll wher ei n

the ligand is dlnen3|oned and confi gured to yield a
| og-reduction value (L of at least 5.0 for. neutra
vi rudés dildsossetiappiag srmnthrawf&im 1 i whereip thavigaad is

TRl R TS TR FU T o o o

de@@alr@dmtdlgmswainmodm%M)confpriaimgI5®aﬁM @ltd0 for neutral
viruses disposed in a solution conprising 150 nM salt.
16. A nethod of renoving viruses froma solution

suspggt ed 19f, Con?g@%ﬁhg%e%r ﬁ@&fcmi‘rﬁ‘?l 'Wﬁé?@iﬁ tl%e ligand is

conpri si ng: a sol ution suspect ed
diadstomet agd vonfigead wi ti¢ld ailogiseduraqpyaige (LRVipofzat east 5.0 for

conpr|3|ng a di sposable, m cro-paor fi|lter nmenbrane

ngHly 1@?‘%}&}%%?“? FAM AR FOFRTISHG | r?g ﬁ’iMasﬂ wher ei n the

ligand is dinmensioned and configured to |rreversibly

and sel ectively bind viruses, and has a pKa

s uf fi 1@ e ntA yetioghofremeepe Virbtes fiom P FPHEPSspe@erboftconpining
Vi a electrostatlc charge repul sion. 17.

ées %8%4 CEPRTHH g16 wherein the solution is

cont &féhﬁidnﬂg 4 Bolbtien MispétSed Sff RIS MiEides anm \fnﬁ!ll‘s-tﬂipblnge
sufficient to a yield |og-reductign val ue q}
MeAkENe IPTHRS HBPPEbley MG PeTNs WSS E@mbrﬁqewed a hgan

éﬁllnon%&}fz%ﬁ oﬁqﬁéigltemha%gl &tm%rgﬁ tﬁﬁ? H%ddsig ﬁﬁéﬁg%gcrl é{?% cc?ﬁ%med to
igeveitibgrundsecleotivede biad vivubds, ardtchagiarpiee suifﬁapqnlynlggh to repel basic
nmenbrane faor a tine sufficient. t yield

a
ATRIGLOS PERIERT 1B Ahe,sluOn IFRAFCIEIStatic hesggirepulsion

17. The method of Claim 16, wherein the solution is contacted with the virus-
trapping membrane for a time sufficient to a yield log-reduction value (LRV) of at least
1.0 for neutral viruses disposed in the solution when the solution comprises from 0 to

about 50 mM salt.

18. The method of Claim 16, wherein the solution is contacted with the virus-
trapping membrane for a time sufficient to a yield log-reduction value (LRV) of at least
1.0 for neutral viruses disposed in the solution when the solution comprises from 0 to

about 150 mM salt.
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1.0 for neutral viruses disposed in the solution when

the solution conprises fromO to about 150 nM salt.

W@ 008 0ERED8/ 008872 PCT/ US2007/ 073324 19. The Pe€r/Osmonh73324
Claim 16, wherein the solution is contacted with the

virus trapping menbrane for a tinme sufficient to a

yield |l og-reduction value (LRV) of at least 5.0 for
neutral viruses, di sed in the sol ution. . .
sol utlgon b%‘ﬁﬁﬁﬂéoé’sof B bé’t‘%her%{gi}fﬁsog%lgﬁtl ggﬂﬁﬁt\t}}g‘gﬁ? the virus-
t@Bping R nBrAROQr tinfel sAFMBid to WRRIElog-religctDalvdlue DRV of at least
contacted with the virus- trapping nenbrane for a tine
Sefor inewtesh virnges alispoetddn thrysaleinncvhedrthe solueor gqauprisgs figm O to

eas 0 r .neutral viruses disposed in the
ab%‘%@%’%tﬁsovﬁﬂ&ﬁsathhe sol ution conprises fromO to about

150 MM salt. 21. The nmethod of C aim 16, wherein the
solution is contacted with a disposable, mcro-porous .
filtap. medibeanphadoffrlpin hgy Weareipiths oleiangs GP‘PtF‘?}B‘? P8 the virus-
and. the .liga [ e 1: : [
BPisk Ty BT AT RG & o R BaTRERIRAR LS, ALRV) of at leas
3t 0 fRInehaRausesQidpopaninnke schutaomn windrethe sofdeaz odreprises from 0 to
1, 3-di ami no- 2- hydr oxypr opane, tris(2-
ahpitnoOtmMl splni ne, and agmatine. 22. The method of
Claim21l, wherein the |igand i mopbilized on the
menbrane is selected fromthe group consisting of
tri s(A- aniTieehdthdd afClaem dddwhergimehé sdutioflis contacted with a

disposable, micro-porous filter membrane comprising polyvinylidene difluoride; and the
ligand immobilized on the membrane is selected from the group consisting of tyrosinol,
tryptophanol, octopamine, 2-aminobenzimidazole, 1,3-diamino-2-hydroxypropane, tris(2-

aminoethyl)amine, and agmatine.
22. The method of Claim 21, wherein the ligand immobilized on the

membrane is selected from the group consisting of tris(2-aminoethyl)amine and

agmatine.

41



