WO 2010/ 107677PCT/ US2010/ 027266 COUNTERCURRENT TANGENTI AL CHROVATOGRAPHY
METHODS, SYSTEMS, AND APPARATUS REFERENCE TO RELATED APPLI CATI ONS [ 0001]
Thi s applwoabioomn7é7s a PCT application and cl ainms priori tgTiusesmlo2Bs6 Ser i al
No. 12/404,299, filed on March 14, 2009 and entitled "COUNTERCURRENT
TANGENTI AL CHROVATOGRAPHY METHODS, SYSTEMS, AND APPARATUS," the entirety of
whi ch is hereby incorporated by reference herein. FIELD OF THE | NVENTI ON
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tangenti al chromat ography using countercurrent flowto facilitate
separation of the desired product and enhance efficiency of the entire
chromat ogr aphy process. BAESRERCEND LA APNENAIT(ONY 0003] There has been a
significant and sustained growh in new drug production featuring

monoc (o0l TARLIICHLES a ROT asik@n 0 hids BSorit2 R 0%1 seakieNoy 17144 28/sRnediab:by .
This gowh is due to expanding drug pipelines, as well as nore efficient
cel | 11989 amcntiicd r €QCNDERGRRENG THANGENT et CHRGMATAGRAPHIUMETHOOS p TGRS on
costs are currently estimated at $2.6 billion. One of the nost significant
i nvest B BPARAGPEG heamimaeititick is heraly icerppralREbyiTeferpice ¥4 chr omat ogaphy
(approximately 30% or $8 50 million annually). [0004] Chronatography is an
integral part of drug production; its purpose in he biotechnol ogy industry
is to purify the product protgip Eﬁ(ﬁ{qﬂhﬁgﬁ%ﬁqb ating species. The industry
has started to recognize that the efficiency of the chromatography steps

whi Ch L’tgce&estelg 1rRlQI{t 5% gtt‘.ljal%ll}plre \g(lljﬁ)t ﬁlQ{B&épﬂ? I@ rg sﬂé8 c!aﬁ'y, gjﬁsr 1n\}%gLF)9|ré1£es WP, with

productlon eman heré are mi tlp reasons 000 First, no
Si gni fule@ddbysteAPMA u@aﬁm S 18381 RRERSTRGBY fsBg Eda@te@@}equ@faame Q@EARAY the
process in the past 30 years - nost of the work in the industry has been

f ocus @csiradpraewatidashanccfivehgpiitntntircAhnoattapipdy pxespt i on i s menbr ane

chr omat ogr aphy whi ch was recently adopted by the industry. [0006] Second,
upstream technol ogy has i nproved trenenck)usly in the sane tine period the
bi orcactors arc larger (up_to 20,000 liters and the titers are nuch

hi gher (up to 15 g7l _, con%%?%ﬁRQPFRQFQ?Eﬁ VEFWF\"QNyears ago). As a W

2010/ 3[8(?&3 ere ezeg %gllgl’(l)lg c7al%t6agd sustained growth in new drug production featuring monoclonal antibodies

and other proteins, approximately 15-20% annually. This growth is due to expanding drug pipelines, as well as more
efficient cell lines and bioreactor growth optimizations. The annual bio-production costs are currently estimated at
$2.6 billion. One of the most significant investments a drug manufacturer has to make is process chromatography
(approximately 30% or $8 50 million annually).

[0004] Chromatography is an integral part of drug production; its purpose in the biotechnology industry is to
purify the product proteins from contaminating species. The industry has started to recognize that the efficiency of
the chromatography steps which are used to purify the product proteins are no longer keeping up with production
demands. There are multiple reasons for this:

[0005] First, no significant improvements have been made to the column chromatography process in the past 30
years — most of the work in the industry has been focused on new resin development. A notable exception is
membrane chromatography which was recently adopted by the industry.

[0006] Second, upstream technology has improved tremendously in the same time period — the bioreactors are

larger (up to 20,000 liters), and the titers are much higher (up to 15 g/ compared with 1-2 g/L five years ago). As a



result of longer fernmentation tines, there are generally nore Inpurities in
t he bioreactor effluent solution. Al of the above reasons result in a nmuch
heavi er Iwadofoor7d7ne downstream purification. [0007] ThipcausealoonT266

chromat ography has i nherent physical limtations. Columms |arger than 2
nmeter in dianmeter do not scale up. The largest colums in the market arc 2
nmeter dianeter and 40 cm bed height. They |it 1,250 L of resin. Assum ng a
AN e e Bt R sy R R A SR

bi Or 36 0Fcadthd lbuR R JRHEPIL i@ T0ad Br BE lowiOHLd pifrRdEe @ | oad of 200 kg. This

nmeans that the biggest columm in the market would have to run at | east 6
full qyed RSt REREERDR I FhsGnRRLPRysicANEAREL At Qs GAB: thAKS P inf @ikt hr s
and can result in a significant bottleneck for the manufacturing process.

[ 0008]do kbtR@&lcl vy, ThdlarkREcopmasa e niikked Phas@iamdi:Sa0 3@k bddthyightMThENE 1,250 L of
manuf acturing process is gaining popularity. D sposable process steps save
| abor restioAsoting Eguiineeaetiga@ningl sadsindeaninen Pard /aren gagite for nonorloml éngbodickie
manuf act ur i n%g personnel . Strides have been nmade in nost downstream .

pr ocegsiggle pyslenapinddt §p o H08 Ldipspasravith phagat of d ee/bverle eredust slogdnp2t0&e2Tiooo L
vol unme Xcellercx Corp.), mcroaration (Kl eenPa FF technol og ro | 1
Cor pr et B Fraes bl GHEERT I PoP s CO R MCYErT BORF A g (B |

maj or i fl i j i ufacturers)
and n@ﬁ%@%ﬁ%ﬁtgﬁg ‘gir}g%%hgr% %g%%lq‘%sk}lﬁ%tagﬁ%%éaggloﬁlg%%%fgll.qd,le(r%lélr ﬁaég‘%{nggfogg@hd Sartorius
Cor p. 90081 €iGR), Y %Js&m&%ﬁ&h}ﬁsﬁo%ﬁﬂpln%%’ RESRNSS %Bcehst' ohiBE L& arity.
limtation cannot be a part of the disposable trend.” Therefore, it is

CUT I eMidpYsabléPO&S sRbEsal Dlatda\ie ndt r&@RPIRhiBS ValiditisPasakl &sid Vs to: 63 MaPIIREESS - a
purification train nust include a chromatogaphy step which cannot be

di sposaisinecl. $1080DpveThrer efadr @, most dwastaecogrisaded lye tikesapk esedats. iTgenteor

that a breakthrough in the state of the art would include solutions to the
abov e bgreatitre v o ROWES valaesotallgead-amamicidfraigndertyk heddmalyey fipmgRel (9wal e of
oper ati on; rocessi ng

2) faster. Jtime;, 3) di bility, 4) reducti f
oai g ke BT S BaR 155y bl S G Bapnraraysheh ol Hrabpudh:
0010] |t i inst. this back t hat [ di f.th t
{ nventTish il 9RLT B shel o o SR A e SRR T oD R S BPET e,

one enbedh BRAhat@faphnecREISS b audeMY 8 trdhOBnt i 1BnitdioR CRInebeEs pdiedrin@bli@o@Rd trend.

di sposabl e technology that utilizes a principle of recycling to

si gni fih@ant) iyis bunektBas s{ilo0 ass aebhjlededgysable Bemease plokss SCalridcatibn wpemat i on,
and decrease resin costs. WO 2010/ 107677PCT/ US2010/ 027266 [0012] In the

pr esemtcludepwérpmiaparaphy Kep ehrhoamdgdapisapleccol umm i s repl aced by a nodul e t hat
consists of two or nore interconnected tangential flow filters and static
m xer 40008 &hertfpronmia veyreenshigedrbe Shaprsew visventpry b gHbreekihoughod teestaerofghesirngpudd
pass, while siml|ar operations to a regular chromatographi c prqcess arc
per f orHBdC WhHUPHC heatoye Rrﬁl?kﬁ%?i Hghas \Wﬁ%gﬁiz?‘?gt?at A iPEH regdp @éﬁ%‘? é?aﬁ’*c?ﬁ OPeEHeRs 2)
e GBGhPEROE B aiteSr D S RET S i Paara R Barseitd dorulTons
from laliglenShRg8Sare recycl ed back into previous stages. This creates
concentration gadients in the perneate solutions of the tangential flow
filtengoion iiflfan Hbadediditint valbls @GbddRiRnt Of theRdstht fol @Won FAURVRRAYI. Ng buf fer
vol unme and increasing process efficiency. The perneate solutions from

bi ndi ng, washing, equilibration and regeneration operations are put to
waste. The perneat e sol ut BRIEFFSUMNMARE OF THE INVEXJ@ONt i on is the purified
product streamwhich is collected in a separate product tank. [0013]

Accor d0®d] yiherefire, @erboehidimentof 6f ptekeat ipreas@ny a scalvtdntrdligre ang dapavirtbubénd@® tHaor
countercurrent tangential chromatography (see Figure 1) conprising a first
i nput Uplyet 2 primle Ff Geeydlisg & Vg CrepiatPrasess gttty 1BeTeapT '§¢ satie 0k prefaliop yud or
m xing the input solution with a recycled solution froma second i nput port
(103) YEErOrEE a first mixer output; a stage | filter (104) for
concentrating the lirst mxer output to produce stage | retentate, wherein
stage | perneate solution exits the nodule fromthe stage | Ther via a
first output port (105); a second m xer (106) for m xing the stage |
retentate fromthe stage | filter (104) and an optional buffer solution
froma second input port (107); and axstage Il filter (108) for
concentrating an output fromthe second m xer (106) to produce stage I
retentate which exits the nodule fromthe stage Il filter via a second

out put port (110), wherein stage Il pernieate solution exits the nodul e
fromthe stage Il filter via a third output port (109). [0014] Anot her
enbodi ment of the present invention is the nodul e descri bed above wherein
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WO 2010/ 107677PCT/ US2010/ 027266 [ 0019] Anot her enbodi nent of the present
invention is the nodul e descri bed above wherein the third output port (109)
i s connecwedowm@7a&@7punp (112) and a three-way val ve (11PrTius2aib@2m6€o0nd

i nput port (103). (See Figure 1.) [0020] Another enbodi nent of the present
invention is the nodul e descri bed above wherein the three-way valve (111)
sends an output fromthe third output port (109) either to wast e or product
(113), to the second i nput port (103). (See Figure |I.) [0021] Another
errbodl[wg{?t] Iyfhe Plﬁsémﬁ]i‘vé%t@ﬁtth‘? W@ﬁ‘??@ﬁy @uW%érePﬂﬁﬁﬂl Ped H%@@rﬂi%é‘ﬁ‘“% \}‘é" %@Feel n

E 88225 398 9 necteg Eae rentlapg ¥ P ]i?errTe n?gtatfc 1{11Fg|ers reg gghéora]‘r 0§ra% qespngfl}?wls éhfr(glg}\évthgs modu f gb?))

for CQM%!T: g£s§ %ﬁl@ @1&115@6}91@%& al . CRNL %%BQLBQQHM Pk REE ol G GedBdn GORB ShAQ, @
nodule (1 for count ercurrent tangential chromatography; a first resin
tank (@G, cfllﬁlbn ,5deBtctanGh, Gld@aunlivr&ish) NTHE BRIMBCH:etkst epeatidnk biS burhgdP tlo tROAddulk 101) of
the nodul e; an input tank (304) for storing input solution connected to the
first choumputrquodirec(chOm )the Govwpolhpsi, lad@ peraerte solutibseleonwiier vadey ere (rdcydlyd back into

i nterconnecting a second input port (103) with a third output port (109) of
t he mBERIOES, stagess dBip AigatesegnopniprieradBpisin thegrernacpis solifigny d dherfangaritldlor difers & the

second out ort 11Q) .of the no ia a 323 d the three-way
var oo oo B lonkiatt o S pEyirfsle PEBRE Bt Thferbh ekt ) o
a pu 0 S ected
i DRk ko nBlOAM R MR T%Qfm?%poé%ﬁﬂoﬂ%rﬁw%ﬁ%ét% Blepbhan. GRnneet oS
of t hegropmRtu@on PBekicR REhHurifAHRHRUS AR whigiK So116RL6n a Bdute pdist 23R2) foOr

storing buffer solution connected to the third input port (107) of the
nodul goo13 AR cdduREly, (ol dhbodibRr @it frbient fikvesilon eS8 inBAl@NK o3 0dhtelcireaOnNREled
via 3-way valve (317) to second resin tank (325) and punp (323). [0023]
Anot hehrogrmisghy@ntFigfe 1) enppsiesaitt ipmpent lioOrforirgciing arsiysit @mtioke 8 Grsi st (HRpve
further conprising an additional countercurrent tangential chronatography
st age ‘@arprd B4 ipgyt ipn vigh W%@?d S@E@@)froalr?dec@nd input gerf (193 opradsg 2)ﬁrst mwr output;

i ncreasin eff| cienc stem See ure
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the s %gl{[n%n%z[uﬁ t%l(ljevrr?q[dﬁle Erom esslé enFﬁl eP\r}lg ta :‘#S%: ?thg f I’ 0 I’]aesecrg0 run!xgrﬁ %C qr!lel}gidtB

above era I on esc
above gL MetnheRdniihe aagnqah@fqll@mr@gﬁ Sptfhal bie: yo%bpgén @E@é&fé'u%ﬂﬁo% (m‘7? L
present invention will be apparent fromthe follow ng nore particul ar

descr ispid [0filtedf1 09 Mdd 0ghcenRfring a®dutfuh@ont My @fintl GikeBS04) ol pusitideatagd tefnththi @hich exits
acconpanyi ng drawi ngs. WD 2010/ 107677PCT/ US2010/ 027266 BRI EF DESCRI PTI ON OF
THE DRAWNGS fjo@0RG{tagillgliifee vik asshows owpuipaul1&0)f wlreragotiazt dr wumapie nolutica vgienthd al
chromat ography according to one enbodi nent of the present invention. [0026]
Fi gurénoé‘% é%“%ﬁelné“kl}f”&i‘r?ﬂéﬂ‘doﬂ‘lpwﬁHo?)he nodul e during bi nding node, while
Fi gurei &E shows direction of flowin the nodul e during el ution, washing

equi l i poiH |A61ﬂther£PPB°dﬂ”ée§b?féPea1?rFsﬁlﬁ ERER s t{“?)@%‘?‘]e qﬁ?cﬁlﬁf’ﬁéb‘?e ShoHe by 1H1ub§9i!&m°n

di agr %anofses?esﬁq(%%@tne&ﬁléé o uctsolu 0(;1ent| al chromat ography system operating in
bat ch ‘hode toP od| ment of the present i nventl on. [0028]

Fi gur 0 anther ockd t he. countercurr ange

chromat sy a8 U‘n Gerset démrﬁ%otr’ gL R B b G BHE E F ORE e R of
anot h%lu&)glrm,;a@(g.cur rent tangential chromatogr aphy system accor d| ng to

anot her enbodi nent of the present invention. [0030] Figure 6 shows a bl ock
di agr 300 1% 26@¢: Q%Bodﬁﬂkﬂfﬁf%{e%%@é’ nERtenti@NIBOIb@le RREQBLREY HAREY 1S ¥i$de8 Permeate
operating in continuous no according to yet another enbodi ment of the
pr esenRblutionwertdian.

[0017] Another embodiment of the present invention is the module described above wherein the second mixer
receives clean buffer solution.
[0018] Another embodiment of the present invention is the module described above wherein the second mixer

does not receive clean buffer solution.



[ 0031] Figures 7A, 7B, and 7C show a flowchart of a process of
countercurrent tangential chromatography operating in batch node, according
to yet amwoOhero/emdyedi nent of the present invention. [00®2j/USegune’286 shows a
flowchart of a process of countercurrent tangential chronatography
operating in continuous node, according to yet another enbodi nent of the
present invention. [0033] Figure 9 shows results of a mathematical nodel of

a two- @ge countercurrent tangential chromat ogag@py system according to the
pri ncﬂﬁ A&Pth?rﬁ%‘b%%bﬁfhelpﬁéeé‘ PYeBHOH 1%‘111‘6%‘%’ describgdiabpve Ve Théih“fl PR 8 h
flowr c ield.f yanlous sievi 0 C|e
005 PR chBRETRL Moo (PEL G éhf%fwa Valve?L O%%eéegfndﬁ%ea&g%o% BhrEk age

of T SO T LR AR o AT QA B3 EOBECR0 S G ﬁw%“ apELP! e

(ga h s%dgﬁf)lﬁ Fro kel a& 100 it @G oL Q&I (F13813E 8 -thcRETA
SgnRQPTy N Ero N\/EI{FI'I COJ\I lft ]%Dletfl niti or(islg ‘IL'lhte( fgl I ovtvleng telrﬁsll?p(())r%c art

shal | (h)a)IQSeTefH%uﬂBQJ)OW ascri bed meanl ngs throughout this Specification.

[ 0036] Binding node is a stage of operation during which rcsill and

unpur i[00H] ApbdytbodinaiiafghcpeNar aidali@ icaapbeike. descW¥dd above wherein the stage T filter and
2010/ 107677PCT/ US2010/ 027266 [0037] Washing nodc is a stage of operation
dur i nghewhichfilicest nngsitihfldyoiied: product is washed with a washing buffer to
rid the resin of inpurities. [0038] Elution node is a stage of operation
dur i ndOWl st eneher gmpridiyeniopl’ phegirgrerarieyertive iprottier (YY) rfey enunierdurgpidiapdyetial
purified product is collected. [0039] eneration node |s a stage of

oper atCFIBIHat%ﬁJarPP%SG‘?/\ﬂFLE% 3k WEPTEE; dqdyle (| Ogég?éaoufﬁé?cmfeﬁbmﬁﬁ?tﬁbg’émlﬁogﬁa s&5t for

later ¢ c;[I n%l;sotzet%r s‘]forln Elg rLlanrOalge:jteo to’;%js?l B]%? o %15@%? {13 moﬁ@%&%tdpqr%angl(]%@e‘gr -

whi chr'cfs mis r'a Stat

the SR pRfsohliéh &aa}{e%iaa lt@%eS%t fn@{a poh mdlhea Blfs enb) aIBV@aﬁée%y VR (111)
chromat ogr aphy colum is replaced by a nodul e that consists of two or nore
i nt er caanaskeg atsaogeniut girt (fd3pwit 4 hik@suSHuaid (BDALFIE nMBiNE h Sccontit@in tank (325) for
chromat ography resin flows through this nodule in a single pass, while

si m | acrigperrapiors! it o sqondegnitag t @ KD oftat ogajshiae pproGedsndhethperfonivedlon t he
resin (bindin g washi ng, elution, regeneration, and equilibration). The
buf f er&d fgpeceh&s eéﬁban@fttipe}héloar% ﬁﬁ Bl Viarft P HE S gt twké”ébi?hf@w«?fuﬁrrent
directi resin ate s ns. from | at

or et B et ER st B b0 BB R Pt B T ol ot iy o

gr adi enbhSe; Ly snggl R&E BRAL amg%ﬂatmn;go (%fZZ)tfﬂestotnﬁé"Qﬁﬂ&t goﬁLOJJfo%azd b iR firgl ifpuf NE

count er curr ent rection to resin hus Savi ng er volume an

I ncr easd Ng7)RE 06 es&uefif 4 finBoy), whhan pe m&agnetaﬁqb 0ph isQBhedidaaim HALING317) to

washi ng, equilibration and regeneration operations are put to waste. The

per meatcendsodirutrik@¥25f and poniph@23¢l ut i on operation is the purified product stream
which is collected in a separate product tank. [0042] Accordingly, Figure 1
shows [8023] dokihdi @gpémenofor shenpeburlt enVEQDn fiprthecpuet desciifred @hdve tfamhge ninipaking an
chromat ography (inside the dotted line). Input solution enters at port 101,
and t ey geuntseshiant tefrseraﬁuh@mwgrwﬂm tage rorAripes ¢ hI1OBx AR d it BB A Y
node) .arc mxed in static.mxer 102. The output fromthe static m xer
102 eﬁ?cée?%ngéftcﬁﬁcdé’ﬁ?lf%‘(Ftel?'l W%“Fetg) 104, fromwhich the perneate exits the

dul t Th tentate f t f f 104 d
"oto. 008 NG et SRy Syt s T elou e rep et okt ek
\(I)\A‘IUt pUtsystelfng %n%th@{eh ﬁormt}?é d)dlgingeécﬁbedeagovl% r&h(?th@m%tﬁ&ﬁ %P(?Td‘)%u(fnfdf AW sgcfsltetng gﬁd Igr(gzlgles from

ich perneate I's punped via punp 1 e at port
Thr ee-uRybe¥ @bate blibr kedtutdl bid Z061LQ HikeSGEouk lRVoRRhIMRIT tﬁeopryyaﬁ tneverll&s Wl bd O
port 103. The retentate fromtangential flow filter 108 exits the nodul e at
port bffrentDiom rhg fsirignghre gdrtidnian fgscrdpfen fi ddbadimeois &nbe negenetsatliseied in the
three-way valve 111 directs the flow to port 103, where it m xes with input
101 i coompanyipe drivkiess:- 102. During binding, three-way valve 111 directs the
flow to waste 113. WD 2010/ 107677PCT/ US2010/ 027266



[ 0043] Figure 2A shows direction of lowii nodule 100 of figure 1 during

bi ndi ng node. Note the single-pass nature of the flow, and the fact that no
fl ow ent ewe 2ato/pos7y 103 and port 107. The mi xture of regcm/useaonerepurified
product solution enter at the left through port 101 (through m xer 102),
flows through filler 104 (with perneate exiting as waste at port 105),
flows through m xer 106, flows through filter 108 (wth perneate exiting as
waste at port 109 via pu 112, - 11), and exits the
nodul e at the right thro.5%”88%?%%E@B&ﬁ§6§§¥Déggé$8§2B shows direction of
flowi | e 0 duri | ution shing,. regeneratio and equi.l i bration
modes 10 dofi” RnGH B bt el PR bR S5 prORT
recyclged, in @vg@antercurrent direction fromport 109 to port 103 via punp
112 and three-way valve 111. Note how in this configuration, clean buffer
sol ut i[geRe6F HighkS288h0ROdifectibl 65 NANH e GUAL &E’in%’b'iﬁéiﬁ‘gr m&R) Wik PIFuRBELSwsRredlOH t
103. Note also the countercurrent nature of the flow, where the solution
bei ng opn@cie aseddfld avisg digbh, wading] glitibrabn,iafd kgegdtitdn 2bdesWhi | € recycl ed buffer
solution flows fromrighTto-left via punp 112 and three-way-valve 111, in a
di r ect[0G2Y] thigate 3 SioWCObINK @lagid lof € fifitert@rehth@gdn@dl tehib@atodrphi sybibovpepdiing i @datch

sol ution being processed. [0045] Figure 3 shows a block diagramof a

count erdeurcreding tb arvgahedindnt i theorven'ogaphy. syst em 300 operating i n batch node
according to anot her enbodi nent of the present invention. Mdule 100

oper at[@%z%] igubet sheirenqthey black dilggmuel Binebutierswieitivaekniia clrerthaqeiphy sy denFofdigres 31.

| nput port 101 of nodule 100 is connected to punps 303, 305 and 313. Punp
303 puUBP| FigyreS shpwm Hlock deerpme sf arothey grunBEerrenPgiegntBlidropangarhy esicn afewinedecond
resin tank 325. Pu 305 punps unpurified product solution frominput tank
304. BB T8I A r@“igﬁ“V@Lconnected via three-way valve 111 and punp

112 t .109 of nopdule 100, as shown in Figure 1. WAste exits the system
at 11908 miRiEe s Pow pi Tram o AL ! S CRH R 1eg ORREGY od
0 2 I8 WY VAl HG 300 o THESERIBN VALY G AT ik sonnect ed Lo product. ¢ ank

309 and waste 1 receives iInput 1nto nodule 100 via punp 314,
whi ch j ; ted- L0 i Li.br.agi t : i . '

tank 405 AR TR b e el PSR S R4 TE N ! Mo BB, oo
f r om REwtind hBattiSmedd NPREHNSI @y PMBRer 3dBodaie: Ir e BRs AW Mahve 317 to the first
resin tank 302 and a second resin tank 325. [0046] The systemin Figure 3
i s deg0@s2gFiduee BIrs€@fs 4 NBwdh@S bNa YSdchig o chateClind¥D dReRRe cBbin@Baraph @pdiAigE M 1 S
sequentially treated by different chronatographic processes (binding,

was hi rogtinglgihedornccorddgengt abihgrmbainatned the pickpnatieaivp. as it cycles fromthe
first resin tank 302 to the second resin tank 325 and vice versa. For
exanpl[8033d FigungP thhes fiuttsol agtathgeaticlinwdi! 06) (Worsagd wupasgsey tdeatal tamkat@BRht o
tank 325 fromleft to right through nodule 100 via punp 303. During the
next SYSEFECOiEEHe Rghrineiglst of Me@ssasinyepiirh darre 89w of éufféaﬁ ResBaPWIHEH$ATERE VSt o
right througg nmodul e. 100 v'aggunp 313. WD 2010/ 107677PCT/ US2010/ 027266 The
ot her P§t448 EOéYaﬁ?LiSSﬁV,mgrc%ﬂgﬁ °

ation, and equilibration) alternate tanks in
asim nner he countepcurrent operatjon during washin lution
Fegend! BRI BRI 6 FRUPLET GhifPu@Rohakl & St iehc Mahdgls plas
cons erc?ﬁ%ét&ﬁ?aph;[ é}%ﬂ Lccglhlg%'{o(%hezbriﬁmé’%f e E‘leégﬁtlﬁnvgﬁtﬁg,rsﬁd@iéoa_c}at%fof Blﬂﬁr to resin flow-
countercurrent” tangential chromatography system shown in Figure 3, with the
i Nt er Rads (SlddCils WeRe@ il WdrBuslQ0ing oMBientdi gure 4 is identical to Figure 3
with the exception that the internals of nodule 100 are shown as in Figure
1. [0048] Figure 5 shows a bl ock di agram 500 of another countercurrent

t angenti al chronat ogr apfAShER BESGUOTHEXOF AHEINEENTHEY enbodi nent of the
present invention. This enbodinment is simlar to Figures 3 and 4, except
for ad®93S] dxligfonsin Hddildwingaternfst ¢fi #dyhal thayse tho foelowuaerived ternings trpughquattiion,
made up of m xer 530, filter 532, punp 533, and three-way val ve 531,

i nt er CBYfHEEIRd as shown in Figure 5. Waste exits at 536. The enmbodi ment

shown j igure 5 operates in a nmanner anal ogous_to the system shown in
Fi gur ééwm 1? R E st"@?{&%f‘?fﬁlﬁw Kgesiy ?“8\%‘“1’68@@@?% F"Bﬁ@WVeé“'flTﬁ"P]al%t age,

whi ch i ncreases process efficiency and decreases buffer utilization, but

i ntroduces sone conplexity into the des*. Mathematical nodeling described
bel ow shows that using nore than three stages produces no appreciable

i nprovenent in process efficiency whilge introducing substantial conplexity.
Hence, nore than three stages, while possible according to the principles
of the present invention and within the scope of the present invention, are
not described fiffther. [0049] Figure 6 shows a bl ock di agram 600 of

anot her countercurrent tangential chromatography systemoperating in

conti nuous node, according to yet another enbodi nent of the present

. ~ A N . P~ NN B . P~ N




[ 0056] Figures 7A, 7B, and 7C show a flowchart of a process 700 of
countercurrent tangential chromatography operating in batch node, according
to yet amwohery/®niyodi nent of the present invention. Pro®esasz@0/obregs ns at
step 702. The systemis flushed with equilibration buffer, as shown in step
704. In step 706, the binding stage is started (enphasis in bol d). Resin
and non-purified product is punped into the system at appropriate flow
rates shown in step 708. The perneate solutions are discarded from al

st ageio(i@] M%%%—@%ﬁﬁrl%agsﬁgﬁ 8T PRI ‘éilﬁ%h B¥H ‘S‘/’“h BeundspiedRe Wasé‘fde‘ﬁthfl‘ﬁasmﬁ%e
ergolle wi t h. bound product as shown in step 712. [0057] In step

resin bI 11d, th s1 oflm urities. .
714, the was hrng stage iS started (enphasrs in bold). The systemis Hushed

Y“'etcgcfw‘?#’%%%ma%”%@r i B TR b DR SR P RIS PR IS YERED, sRELIRRI £ 1 o

ef fi cipgney pRRd: cns&lve buffer sol ution accordrng to t he prrncrples of the
present invention, as shown in step WO 2010/107677PCT/ US2010/ 027266 718.
Resi n [pg39! WIRE Gt DOV b BF QG dRAGKvHidR 1R rdsh8s fidahittorSiedRBoRor fhkg oSSt €M
where it mxes with the recycled wash buffer, as shown in step 724. The
washedatdrewices Wi t h bound product is collected in the first resin tank, while
pernmeate solution is discarded as waste, as shown in step 726. [0058] I n

st ep T@®10] tEheligitios mode isd dgeofiogergbathtrad whienphasts isicquilbeled Jn a nblrel Byet em i s
flushed with elution buffer, as shown in step 730. The countercurrent

per nedf@&t] s\sseey oltieduandy petis Bdender seqign, tihige @bsaftiimymntist, sigehromatearagbey cofupn is

i nprove process efficiency and to conserve buffer solution, as shown in
step 7@Rccdresi Rodglsulrrd cawsisth oo du etor isiesempstsd aekaliflerdilernand pitstmisrades of
the system where if mxes with the recycled elusion solution, as shown in

st ﬂo f%rﬁmat‘fgé@%]‘es %ste}?“’?% gy BPfekatte ® sséﬂg{‘it li’a:?)sn HHHIE 1 e OPgRigts By %d‘“egu}a%
co eC ﬁgg?ag ﬁl%%‘l p%l‘f&%ll ??I& tﬁe rgg?nh(%%éh%g %gf%g g%%UOF gel%lerntlon an& %glgr%&(ﬁrsj Thé I

t he secon own I'n step n step

regeng@dd Ap th§ste%9§atlo§s e& %ﬁ&&i ik 1P RRS1S il ancoprgérgﬂmnt-ﬁlﬂgct@ry‘%ttﬁ'ém&v@ off et g
with regeneration solution, as shown in step 742. The countercurrent
perneebewMSKmﬁeyebﬁdma@ﬁgﬁeeeﬁﬁmﬁm&kmga@ﬁemsaggnenmﬂw&mm&ma@@mmrgammder to
i mprove process efficiency and to conserve buffer solution, as shown in

st ep TpperniPiiesotugigisrpl ths tapgemie dow Aktas i the chunfestirent digetion yhevieflaw, thys segigg Witfeh t he
recycl ed regeneration solutjon, as shown in step 746. The perneate sol ution
is di §81<’5\1i‘1‘dé1811 SRR tpecesagfﬁgﬁleﬁm T pgltnreae ?szrlsﬂonr 6% Pinding, @%S@ﬁg 79plibrgiRg s n
is collect in the

t b
t he Cye(’gr:nera 10 do era‘lilons are But%(hwas?es I"[Iﬂe aneate S(;equi)on%rr)%%]éelzﬁrllunﬁg %pe}a]hon 1§ rL% egrBroguc ng

e an e reuse resin

equrI%g%ggmggmg&egg§ﬁa§$bggpgggh5&brat|on buffer may be repeated if nore
cycles are required, as shown in step 752. Alternatively, equilibration

procegg04McheaiR®, fesaied Wbl ShRuadeeSA!l Mt hoRodufe 1408 rd € Merb @AM ffiSntial
storage, as shown in step 752. The process 700 ends in step 754. [0063]

Fi gur ehBmaessy @osfit eaahad tmepfrnpat PhLARRSHErs FHHrt 061, eQURtiIEFuCIuti@nd brygatdnal
chromat ography operating in continuous node, according to yet anot her
enbodipme i3 (ofe tihieg pinésmemide) anveindd ionle siPicories $02806 dopgfi g thastagt @pe802 entcFhe

bi ndi ng stage (Mbddule 610 of Figure 6) is flushed with equilibration

buf f er,ang&tigd Higwr{llEn! 04+ ey sloeh therpramigigshitsile Bedilyet (J%H)ér Breggoriagt qm gracwiap) i s

Rt T R R T i ﬁ; SRt ot ep
808. i
-II-B(%S Ee%grﬁ(gg{fe?gteefl}tﬁpﬂﬂ ﬁ%ﬁ 1 0(8 I\ﬁ)oqiry\lvlﬁc %%8 10£ 18 _Fh H Er gla % %?12 0Lt%§ Hl@ QIOMHEI Jg R/b Yu

regeneration as shown in ste equi ration stage

650 of10d7iTgds-RayBlaive $11Fid MSiRRdo Whetio®Qihet loldfadt | B RUWoft 863, TRSct&lMRont AngShiRP
812. Resin and non-purified product are fed at the appropriate flow rates
into tie fitr B csitsaemafuletan gors Y9t Buring MaehilgeclGb0, filifhigured Greneakpnshewmay n
step 814. Al buffer solutions are fed into the appropriate stages at

appr oprlvatlé ddcsweflaw ésnortd 83, sheah midys Sithappugild in spiie misgy 0P Ieinghiesthgcthres-gay
coll ected WO 2010/107677PCT/U82010/027266 fromthe elution stage (Mdul e
630 of K YhrEeBic MK TEEH > ot her buffer sol utions are discarded to waste,
as shown in step 818. The entire systemis kept running continuously until
the non-purified product solution is conpletely consuned, as shown in step
820. The process 800 ends in step 822.
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MODELI NG [ 0064] Product recovery is one of the nost inportant cost drivers
in chromat ography. This is because the protein nolecules are of extrenely
hi gh val w0 20u0cmpd7ar e chr omat ogr aphy process shoul d haveca/use@omer2ge of at
| east 90% Therefore, it was decided to nodel the product recovery stage of
the present invention (the elution stage). [0065] The foll ow ng assunptions
were made in this nodel: [0066] 1. The tangenti al flow (TFF) nenbranes in

t he Wgﬁ are able to process the slu g resin and elution buffer at
appr gg &I UGE PSP ITSHoFge g1y T tpesr ]d)g ff‘gugfo%“m% @W@’ﬁ]m@e W‘“ethﬁ FlF\%? Paé% of

desor pt ! On fﬂ(gvxbgn the f?cl%t?lﬁ& n%ecgtlee f g'ﬂBt r?ﬁ)HnT Sr{n{gluairse of re 1n an H‘%J ]E)Lﬁlﬁe

si evi ng COG Icren rane | S onst an roug oug

proc e%ﬁ)’duc[t Q(QL@l%l]l erﬁcr ajtrhlg le?’tytﬁt%lgéﬂ] ﬂ0§ ll(SIdﬁﬂg,lfgﬁ %&? 102 JTifofes thL(QL?lJ Qller T(Iﬂ@(v&]lt afkaon

the percent yield (%recovery) of t ol l'owi ng vari abl'es are exp ored in
this rRdR ds waldOat bhrt 105), Heanmmudh Mhixer i1 66, G thrdddh @ilt@f1 0@ (withipehe U RE of fQW0-t at e
to resin buffer How rate, and governs the dilution of the product, buffer
usage,poail vieashp hig aef thiccwanelye 1 Thas! oxgsrthealvidele gaiy rizét toorh pot 11€d by t he
operator. [0072] 2."s " is the sieving coefficient of the TFF menbrane for
t he prBH Figvsl2Bolive dirgtiequidlos it helusriéddaing daivoertsiiat icemeiarpnt dwé cpeibmeat e

di vided by the product concentration in the retentate. This is an inherent

pr opertofesoNOE Hi Siglfrsamisr gt dredlarinet hpEcichrafged rwletdh%a WP g dirfgeperimm

"N h f th del t t d
i oot A8 aBH RS ohin, Do T Risr W E B MR o RSP g BB Ml
vashi rggte@fafaoﬁ |16 eI ik SHOVEI Y A ACTNGASRS 1 U LBl DL A b s

arc held constant. However, nore stages iIncrease t he COI’Tp exity a cost of

the systeme s[athQ)M]emg\/gd&Lse&qmtlémﬂaslgmg & ©l@fd Y2GHRY rethtled GuitBt Alibaloadances
and solving for %yield. It becane convenient to introduce a new variable a
= [ 00 7sht-tEtataiponp 112shdvsecvheviherice mt = giteglod that is &cotmd-cstearjto by Bitanighsilay

function of a:
of the solution being processed.

[0045] Figure 3 shows a block diagram of a countercurrent tangential chromatography system 300 operating in
batch mode according to another embodiment of the present invention. Module 100 operates in the same way as
shown and described in relation to Figure 1. Input port 101 of module 100 is connected to pumps 303, 305 and 313.
Pump 303 pumps resin from first resin tank 302. Pump 313 pumps resin from second resin tank 325. Pump 305
pumps unpurified product solution from input tank 304. Port 103 of module 100 is connected via three-way valve
111 and pump 112 to port 109 of module 100, as shown in Figure 1. Waste exits the system at 113. Output from port
105 is connected to pump 306, which is connected to a three-way valve 307. Three-way valve 307 is connected to
product tank 309 and waste 308. Port 107 receives input into module 100 via pump 314, which is connected to
equilibration tank 316, washing tank 318, elution tank 320 and regeneration tank 322 via valves 315, 317, 319 and
321. Output from port 110 is pumped via pump 323 and three-way valve 317 to the first resin tank 302 and a second
resin tank 325.

[0046] The system in Figure 3 is designed to treat the resin using a batch-mode operation. The resin is sequentially
treated by different chromatographic processes (binding, washing, elution, regeneration, and equilibration) as it
cycles from the first resin tank 302 to the second resin tank 325 and vice versa. For example, during the first stage
(binding), resin passes from tank 302 to tank 325 from left to right through module 100 via pump 303. During the

next stage (washing) resin passes from tank 325 to tank 302 from left to right through module 100 via pump 313.



1 %i - (1 )*100% (1+a +ce2) WO 2010/107677PCT/ US2010/ 027266 [0076]
Equation 2 shows the percent-yield for a three-stage systemas a function
of a: (2)wexdnslwr67¢1 *100% (1 +a+a- +a ) [0077] Fi gureeCcd/umpaoh@72eh1ow t he
results of this nodel; gamma (y) is the independent variable, and percent
(%9 yield is the dependent variable. Percent yield curves are generated for
specific sieving coefficients for both nDdeIs (s =0.5 0.7, 0.8, 1.0).
[0078] WS the resujts. e countercurrent 5 u]%nptia

ta
chr orra%l% &tl‘% s‘h §/es ée%ur%fm Ic e(r)a\}\lnonn an fﬁl%lhl?l‘gtﬁ()n) alt81fnat% ?a Sap a sipular mlanger.. chgulpa
( gamw%))eréﬁ%n d@ﬁ%%&ﬂﬁlg,¥fu§(lndre£eg£rat§)h ea}{d éaglll&gtﬁ)ﬁifaﬂ(ﬁ‘}s %1%&& e§ﬁ01en09 a?d buﬁ‘er consQrve@ion 1. 0.

[0079] Figure 10 shows the results for a three-stage countercurrent

t angenpp P?gi}feQi”&B\Qagei BB iR S0P hle%mr&u% faRdehif QfroritfefaBily &Qerk ew;' in
flowrates (gamm) vs. percent yield for sieving coefficients s = 0. 0.7,

0.8, Fidde 3[ POBOIinithE! str@sid drsnodifle tdoendwadelouws hawddnbat to@Eg&ﬁBG}%thttﬁ&&ﬁce&ﬁ)%O&w el d
can be achieved by both the twd-stage and the three-stage systens. Sieving
coef f itlgiigerhads of gpduldlde gc processBgurai.e expected to be within a range of [0. 8-
1. 0] because the nmenbranes used in this systemwould be m croporous and

woul d [0048] dieorees Hhewex plodt dickrdnp SPagsintthre cpmdundt fndeatcl Fleomagdeabliyvabym Bpkel v.
The two-stage system woul d need a higher buffer to feed ratio (y) than the

t hr ee-APHHE XYt Epetiged Chiberescr iy e s SPBehten( yFimylirde Higrphier ﬁoerxefpt Phe

b e et ager gy Biart Mt P EE s SRl SR g BSsEorh Fo0AT A
”Pd el Itlﬁ&-v%@ﬂpé 81 tlﬁerg&lﬁé\t{eh QSGSQOVQ%E @1g91fe sP W%Et@ é)pts ﬁ 5861 rﬂléjé.n%o&gnerg 91091991 Pl'rgure 5

bi or cact or “har ves gO concentrati on, I n a hr ee- st age
count %E&Mésﬁﬁﬁﬁlaﬁq@QMBds% th€ REOABHORE [rARdYes syﬁ@mtweé;@éﬂnaghit Mo ads&ehmrgage, as

shown in Figure 5. This exanple is illustrative of one of many nodes of
oper ataitionl sGie, twheh prresenirodesy\eEiichayrand decreases buffer utilization, but introduces some complexity
into the design. Mathematical modeling described below shows that using more than three stages produces no
appreciable improvement in process efficiency while introducing substantial complexity. Hence, more than three

stages, while possible according to the principles of the present invention and within the scope of the present

invention, are not described further.

[0049] Figure 6 shows a block diagram 600 of another countercurrent tangential chromatography system operating
in continuous mode, according to yet another embodiment of the present invention. Modules 610 (“binding stage”),
620 (“washing stage”), 630 (“clution stage”), 640 (“regeneration stage”) and 650 (“equilibration stage™) operate in
an analogous manner to the operation of module 100 shown in Figures 1, 2A and 2B. The thick black line on
modules 620, 630, 640 and 650 represent a connection of a third output port (109) and a second input port (103) via
pump (112) and three-way valve (111) on each module shown. These pumps and three-way valves are not shown in
Figure 6 for clarity, but they are present in each module 620, 630, 640 and 650 as shown in Figure 1. Note that
module 610 (“binding stage”) does not have its third output port (609) nor its second input port (607)
interconnected, since in this module both port 609 and port 607 go to waste.

[0050] Binding stage module 610 is connected at port 605 via pump 604 to non-purified product tank 602, via
pump 606 to resin tank 608, and via three-way valve 658 and pump 657 to equilibration buffer tank 656. Ports 607

and 609 on module 610 go to waste.



[ 0082] This nodeling exanple makes the foll ow ng assunptions: [0083]

1. Residence time = 0.5 mn (hypothetical "small" protein A bead) [0084] 2.
Resi n capsoi2o/107630@ g/ L [ 0085] 3. Ceneral Electric(r) hecras2dioberss arc
used as the TFF nenbrane. The areas and hold up volunes arc used from
existing large scale C eneral Electric(r) nodules. [0086] 4. Flux = 100 LM
[0087] 5. An 80% conversion factor is assuned iii the TFF filters. WO

2010/ 3[ J@J? Table 1. MddeRua results PCT/US2010/027266 Vol une 20000 L
Bi ndi é&éhl?g fizge module 620 is connected at port 613 via pump 612 to an output port 611 of the binding

stage module 610. Port 621 goes to waste via pump 622. Washing buffer enters at port 627 via pump 626 from
washing buffer tank 624.

[0052] Elution stage module 630 is connected at port 625 via pump 624 to output port 623 of washing stage
module 620. Elution buffer enters at port 637 via pump 639 from elution buffer tank 638. Purified product exits
module 630 at port 627 via pump 636 into product storage tank 632.

[0053] Regeneration module 640 is connected at port 635 via pump 634 to output port 633 of module 630. Waste
exits at port 643 via pump 646. Regeneration buffer enters at port 645 via pump 641 from regeneration buffer tank

642.

[0054] Equilibration module 650 is connected at port 649 via pump 648 to output port 647 of regeneration module
640. Resin is pumped out of port 651 via pump 652 into the resin storage tank 608. Waste is pumped from module
650 at port 661 via pump 653. Equilibration buffer enters at port 659 via the three-way valve 658 and the pump 657
from the equilibration buffer tank 656.

[0055] Accordingly, unlike the system of Figure 3, which is designed to treat the resin/product in alternating
batch-mode, with resin alternating between the first and the second resin tanks, the system of Figure 6 is designed to
treat the resin/product in a single continuous pass, with resin flowing continuously from the resin tank 608, through
modules 610, 620, 630, 640, and 650, and returning to resin tank 608. The continuous nature of the system shown in
Figure 6 allows a fixed amount of resin to be used for processing an essentially unlimited amount of unpurified
product, subject only to the lifetime of the resin.

[0056] Figures 7A, 7B, and 7C show a flowchart of a process 700 of countercurrent tangential chromatography
operating in batch mode, according to yet another embodiment of the present invention. Process 700 begins at step
702. The system is flushed with equilibration buffer, as shown in step 704. In step 706, the binding stage is started
(emphasis in bold). Resin and non-purified product is pumped into the system at appropriate flow rates, as shown in
step 708. The permeate solutions are discarded from all stages as waste during the binding stage only, as shown in
step 710. The resin is collected with bound product as shown in step 712.

[0057] In step 714, the washing stage is started (emphasis in bold). The system is flushed with washing buffer, as
shown in step 716. The countercurrent permeate is recycled and utilized during the washing stage to improve

process efficiency and conserve buffer solution according to the principles of the present invention, as shown in step



0.175 hrs Product conc. 5 g/L Total product 100 kg Wash Vol une 4 Resin
Vol unmes (RV) 1200 L Total Menbrane area 300 nR2 1Nashin stage Tinme 0.120 hrs
# of st agwe 2810/107677 PCT/US2010/027266

718. Resin is pumped with bound product back into the first stage of the system, where it mixes with the recycled
wash buffer, as shown in step 724. The washed resin with bound product is collected in the first resin tank, while
permeate solution is discarded as waste, as shown in step 726.

[0058] In step 728, the elusion stage is started (emphasis in bold). The system is flushed with elution buffer, as
shown in step 730. The countercurrent permeate is recycled and reused during the elution stage in order to improve
process efficiency and to conserve buffer solution, as shown in step 732. Resin bound with product is pumped back
into the first stage of the system, where it mixes with the recycled elusion solution, as shown in step 734.

[0059] In step 736, permeate solution from the first stage is collected as product solution (emphasis in bold).
Resin is collected in the second resin tank, as shown in step 738.

[0060] In step 740, the regeneration stage is started (emphasis in bold). The system is flushed with regeneration
solution, as shown in step 742. The countercurrent permeate is recycled and reused during the regeneration stage, in
order to improve process efficiency and to conserve buffer solution, as shown in step 744. The resin is pumped into
the first stage, where it mixes with the recycled regeneration solution, as shown in step 746. The permeate solution
is discarded as waste, as shown in step 748.

[0061] In step 750, the resin is collected in the first resin tank (emphasis in bold), hence completing the cycle and
allowing the reuse of resin.

[0062] Finally, the equilibration process using equilibration buffer may be repeated if more cycles are required, as
shown in step 752. Alternatively, equilibration process may be performed with storage solution if the resin requires
storage, as shown in step 752. The process 700 ends in step 754.

[0063] Figure 8 shows a flowchart of a process 800 of countercurrent tangential chromatography operating in
continuous mode, according to yet another embodiment of the present invention. Process 800 begins in step 802.
The binding stage (Module 610 of Figure 6) is flushed with equilibration buffer, as shown in step 804. The washing
stage (Module 620 of Figure 6) is flushed with washing buffer, as shown in step 806. The elution stage (Module
630 of Figure 6) is flushed with elution buffer, as shown in step 808. The regeneration stage (Module 640 of Figure
6) is flushed with regeneration buffer, as shown in step 810. The equilibration stage (Module 650 of Figure 6) is
flushed with equilibration buffer, as shown in step 812. Resin and non-purified product are fed at the appropriate
flow rates into the first stage of the system (Module 610 of Figure 6), as shown in step 814. All buffer solutions are

fed into the appropriate stages at appropriate flow rates, as shown in step 816. The purified product is collected
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Washing dilution factor 4 Elution Volune 4 Rein Volunes (RV) 1200 L Resin
Vol ume 300 L Bution stage Tinme 0.12 his Resin Capacity 30 g/L
WO 2010/107677 PCT/US2010/027266

from the elution stage (Module 630 of Figure 6), while all other buffer solutions are discarded to waste, as shown in
step 818. The entire system is kept running continuously until the non-purified product solution is completely
consumed, as shown in step 820. The process 800 ends in step 822.

MODELING

[0064] Product recovery is one of the most important cost drivers in chromatography. This is because the protein
molecules are of extremely high value. A capture chromatography process should have a recovery of at least 90%.
Therefore, it was decided to model the product recovery stage of the present invention (the elution stage).

[0065] The following assumptions were made in this model:

[0066] 1. The tangential flow (TFF) membranes in the module are able to process the slurry of resin and elution
buffer at appropriate conversion factors (upwards of 80%).

[0067] 2. The kinetics of desorption of the product molecule from the resin is fast.

[0068] 3. The sieving coefficient of the TFF membrane is constant through ought the process.

[0069] 4. The system is “dead-space” free.

[0070] The impact on the percent yield (% recovery) of the following variables are explored in this model:

[0071] 1. “Gamma (y)” is the ratio of elution buffer flow-rate to resin buffer flow rate, and governs the dilution
of the product, buffer usage, and washing efficiency. This variable can be controlled by the operator.

[0072] 2.  “s” is the sieving coefficient of the TFF membrane for the product molecule. s equals the product
concentration in the permeate divided by the product concentration in the retentate. This is an inherent property of
the membrane and cannot be changed by the operator.

[0073] 3. “N” is the number of stages; the present model explores a two-stage and a three-stage system in
operation. As the number of stages increases, the washing efficiency and product recovery increases, with all other
variables are held constant. However, more stages increase the complexity and cost of the system.

[0074] Model equations were derived by using material balances and solving for % yield. It became convenient to
introduce a new variable o, =vy-s.

[0075] Equation 1 shows the percent-yield for a two-stage system as a function of o:

(1) %Yield = (1— )*100%

(I+a+a’)
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Regeneration Buffer volune ( 4 RV) optional 1200 L Flux 100 LWMH Wash Ti ne
0.120 hrs One cycle processes 9 kg MAB One cycle Volune 1800 L
Equi | i br awoan10Bwfd7er vol ume (4 RV) | Absh Tine 1200 PCT/US2010/027266

[0076] Equation 2 shows the percent-yield for a three-stage system as a function of o

1
(I+a+a’+a’)

@) %Yield = (1 )*100%

[0077] Figures 9 and 10 show the results of this model; gamma (y) is the independent variable, and percent (%)
yield is the dependent variable. Percent yield curves are generated for specific sieving coefficients for both models
(s=0.5,0.7,0.8, 1.0).

[0078] Figure 9 shows the results for a two-stage countercurrent tangential chromatography system showing the
ratio of buffer to resin flow-rates (gamma) vs. percent yield for sieving coefficients s = 0.5, 0.7, 0.8, 1.0.

[0079] Figure 10 shows the results for a three-stage countercurrent tangential chromatography system showing the
ratio of buffer to resin flow-rates (gamma) vs. percent yield for sieving coefficients s = 0.5, 0.7, 0.8, 1.0.

[0080] The results of the model show that greater than 95% yield can be achieved by both the two-stage and the
three-stage systems. Sieving coefficients for these processes are expected to be within a range of [0.8 — 1.0] because
the membranes used in this system would be microporous and would therefore be expected to pass the product
molecule relatively freely. The two-stage system would need a higher buffer to feed ratio (y) than the three-stage
system to achieve the same percent (%) yield. Therefore, the recommended operating gamma (y) for a two-stage
system is 4 to 6, and for a three-stage system the recommended operating gamma (y) is 3 to 4.

[0081] A modeling example is described here of protein A capture of 20,000 L bioreactor harvest, 5 g/L IgG
concentration, in a three-stage countercurrent tangential chromatography system operating in batch mode, as shown
in Figure 5. This example is illustrative of one of many modes of operation of the present invention.

[0082] This modeling example makes the following assumptions:

[0083] 1. Residence time = 0.5 min (hypothetical “small” protein A bead)

[0084] 2. Resin capacity =30 g/L

[0085] 3. General Electric® hollow fibers are used as the TFF membrane. The areas and hold up volumes are
used from existing large scale General Electric® modules.

[0086] 4. Flux =100 LMH

[0087] 5. An 80% conversion factor is assumed in the TFF filters.
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0.120 hrs Residence tine 0.5 rrin

Static m xer volune 100 L

Total Fl ow

200 Um n Resin Flow rate 28.6 Umn
WO 2010/107677 PCT/US2010/027266

Table 1. Modeling results

Volume 20000 L Binding stage time 0.175 hrs
Product conc. 5glL

Total product 100 kg Wash Volume 4 Resin Volumes (RV) 1200 L
Total Membrane area 300 m2 Washin stage Time 0.120 hrs
# of stages 3

Washing dilution factor 4 Elution Volume 4 Resin Volumes (RV) 1200 L
Resin Volume 300 L Elution stage Time 012 hrs
Resin Capacity 30gL

Regeneration Buffer volume ( 4 RV) optional 1200 L

Flux 100 LMH Wash Time 0.120 hrs
One cycle processes 9 kg MAB

One cycle Volume 1800 L Equilibration Buffer volume (4 RV) 1200

Wash Time 0.120 hrs

Residence time 0.5 min

Static mixer volume 100 L

Total Flow 200 L/min

Resin Flow rate 28.6 L/min Total Cycle time 0.66 hrs
Feed Flow rate 171.4 Umin # of cycles 12
Feed Flux 34.3 LMH Total Processing Time 79 hrs

[0088] The results of this model show the following:

[0089] 1. 20,000 L of unpurified product can be processed with 300 L of resin which represents a factor of 4

decrease from conventional column chromatography.

[0090] 2. The operation can be performed in a single 8-hr shift.

[0091] 3. Number of cycles can be decreased by increasing resin volume.

[0092] 4. Efficiency and process time could be increased by increasing flux.

[0093] The inventor recognizes numerous and substantial advantages of the present invention to the downstream
purification process, including:

[0094] 1. Current technology could be readily adapted to this process because existing components are readily
available in the market. Namely, the tangential flow filters (cassettes, hollow fibers and ceramic membranes) and
chromatography resins are readily available. It might be advantageous to develop a new line of resins specifically
designed for this invention by using smaller beads than in conventional column chromatography. This would nullify
mass transfer limitations, increase dynamic binding capacity, and make the process more efficient.

[0095] 2. Tangential chromatography systems according to the principles of this invention may be scaled as
large as necessary, similarly to any tangential flow system. This is not the case with conventional column

chromatography — the largest scalable columns in the market are currently limited to 2 meters in diameter.
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Total Cyde tine 0.66 hrs Feed Row rate 171.4 Umn # of cycles 12 Feed Fl ux
34.3 LMH Total Processing line 7.9 hrs [0088] The results of this nodel
show t he Wwol2bovmiongy7 [ 0089] 1. 20,000 L of unpurified preduats2aanztres
processed with 300 L of resin which represents a ado,. of 4 decrease from
conventional colum chromatography. [0090] 2. The operation can be
performed in a single 8-hr shift [0091] 3. Nunber of cycles can be
decre%&dﬂ t%y i ncr easi nge resin vol une

Continuous-mode countercurrent tangential chromatography can be designed as shown in Figure 6.
In general, continuous processes are more efficient and require a smaller system size.
[0097] 4. There is potential to run this system in a completely disposable manner. This is because much smaller
amounts of resin are needed for this operation than in column chromatography (this would be true for cheaper resin
kinds such as ion exchange resins). Additionally, the tangential flow filters at smaller scales could be used on a
disposable basis as well.
[0098] 5. The use of resin could be an order of magnitude lower than in conventional chromatography, causing
significant cost savings by as much as 80%.
[0099] Therefore, the present inventor recognizes numerous applications of the present invention to the $850+
million/year process chromatography market.
[00100] U.S. Patent No. 4,780,210 to Jen-Chang Hsia entitled “Tangential flow affinity ultra-filtration”
describes a process for trypsin purification. More particularly, it relates to a process of biochemical purification
which combines the processing techniques of affinity chromatography and tangential ultra-filtration, and is capable
of being operated on a continuous flow or semi-continuous-flow basis, for use in the purification (or separation) of
molecules of biological interest. The process of the present invention is verifiably different because of the
countercurrent and single-pass nature, along with various other improvements. The process described in U.S. Patent
No. 4,780,210 is not suitable for the biotech market.
[00101] U.S. Patent Nos. 6,139,746 and 6,214,221 to Henry B. Kopf (hereinafter “the Kopf patents”) describe
a process and apparatus for purifying a target substance from a source liquid using a cross-filter element system.
The Kopf patents, as shown in Figures 2, 5 and 6, describe a system and process for contacting a source liquid with
resin, allowing the resin to bind desired fraction of target substances, re-circulating the resin in a cross-flow filter
system and ultimately recovering the target substance from the resin. Counter-current tangential chromatography
(CTC) shows at least three distinctions from these patents: First, CTC is a process and system based on continuous
and steady-state treatment of the materials (single pass); second, CTC utilizes a counter-current recycling loop for
recycling buffer to the start of the process; and third, CTC uses static mixing or static mixers for combining the resin

and source liquid, as opposed to stirred or complete flow mixing. These are each discussed in turn below:

[00102]  Continuous and steady-state processing: CTC allows a one-pass, continuous and steady-state

resolution for resin and target product as it flows through the CTC system. The resin processing and product
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design of which must balance the advantages of rapid mass transfer against the disadvantages of rapid momentum

transfer (manifested as a high pressure drop). This trade-off results in limitations on flow rate, particle size and
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resolution for resin and target product as ft flows through thc CIC system
The resin processing and product WO 2010/107677PCT/ US2010/ 027266

separ at i omois10hiogdtry ef fi ci ent and provi di ng nore effi cipemusgeilogres han

non- cont i nuous/ non- st eady state systens/processes. The Kopf patents rely
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nmonment um t ransf er énanifested as a high pressure drop). This trade-off
r esul tEXP on flowrate, particle size and

[00112] Materials & Methods: All the chromatographic experiments were carried out with strong anion

exchange resin, Macro-Prep® 25Q which was donated by Bio-Rad Laboratories (Hercules, CA). The nominal
particle size of this resin is 25 micrometer with nominal pore size as 725 Angstrom. MidiCros® hollow fiber
modules (Product Number — X32E-901-02N) were donated by Spectrum Laboratories (Rancho Dominguez, CA).
Each hollow fiber module housed ten polyethersulfone fibers with 0.2 micron pore size and was approximately 64
cm long with 1 mm inner diameter giving total surface area of 200 cm® per module. Static mixtures are 11.25 inch
long with 0.4 inch inner diameter and were purchased from Koflo Corp (Cary, IL). Bovine serum albumin (A7906)

and myoglobin (M0630) from horse skeletal muscle were purchased from Sigma-Aldrich (St. Louis, MO). The
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WO 2010/ 107677PCT/ US2010/ 027266 colum | ength, while practical issues
related to such factors as flow distribution limt colum dianeter. The CTC
f ramewor kwal2bovm7av@ver al of these issues to be circunverCediS2as/02ebé as

i ntroduci ng sone additional factors: [00107] Al t hough the basic CTC
contacting unit is anmenable to batch operation, fully continuous operation
is also possible via replication of the contacting unit. For pharmaceuti cal

operatjons, .canti nuous ration is.inportant. due to e.advan of -a
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[00112] Materjals & Methods: All the chromatogr i C experinents were .
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M di Cr@e (did ordQlnkiOWnf i doeicromd 'éz_lnﬂﬂ%s (B Qﬁjelé@(ﬁ O\Jélpmﬁéd of 3SR AR Mm WedeRlex
donat ed by Spectrum Laboratories (Rancho Dom nguez, CA). Each holl ow fi ber
nodul eohaisedwisetonpatd/@t Aglesubbsaesf D& issdesttbrint Q02 nitif@ rpddleid Qneensitioss. akd was
approximately 64 cmlong with 1 mminner diameter giving total surface area
of 200rrerPiatp edlibimrigsaghiee Wit icccalailye Uy epgcegirations bf BEA jnd etyodlebimgrom thdwedk Heap.nch

i nner dianeter and were purchased fromKai) Corp (Cary, IL). Bovine serum

al bum n (A7906) and ogl obin (M)630) from horse skel etal nuscle were

pur Chiig@d‘q r 0%\_&3@@%%3} puipp, glil\gg:§ cmn?rateph@urry from the feed tank to 1st static
mixture where it gets mixed with the permeate stream from 2nd hollow fiber module in appropriate ratio. The 1st
static mixer provides good mixing between the concentrated fresh resin slurry and the permeate stream from 2nd
hollow fiber unit along with the sufficient residence time. The well-mixed diluted slurry from 1st static mixture
enters the 1st hollow fiber unit and gets divided in to two streams: concentrated resin slurry as retentate stream and
resin-free permeate stream. The permeate stream from the 1st hollow fiber module is collected in the tank as either
product or waste. The retentate stream of 1st hollow fiber module enters the 2nd static mixture where it again gets
mixed with fresh buffer (in case of washing or elution step) or feed protein solution (in case of binding step) in an
appropriate ratio. The diluted slurry from 2nd static mixture enters the 2nd hollow fiber module and gets divided in
to two streams: the retentate stream which consists of concentrated resin slurry and resin-free permeate stream. The

permeate from the 2nd hollow fiber module is directed towards the st static mixture while the retentate is collected
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WO 2010/ 107677PCT/ US2010/ 027266 phosphate buffer was prepared by dissol ving
appropriate quantities of sodi um phosphate di basic heptahydrate (J.T.

Baker) amwlopotoza®zéi7am phosphat e nonobasic crystal (J.T. Balramspoton21es oni zed
wat er obt ai ned from NANOpure Di anond water purification system (Barnstead
Thernol yne Corp) with a resistivity greater than 18 M)}cm The pH of the
sol ution was neasured using a Therno Oi on nodel 420Apl us pH neter and

adj usted by additi of 0.1 NaOH as required. Hi gh iaqgnic strength
o T i S et le o b D S s e e B0 o b

chlor it\g(ﬁch(ifﬁlel-rpen%{%ggA pi 4hda %&ssrﬂ}e'\@rl)ﬂg na!lo_qlg S I%QQJT?QIC Qlls1 Q=R Q@tagrog L{IIJ Slmhne Al -

[ 00113] Anal ysis: BSA concentrations in the sanples collected from binding
Ki net ingsit®XREhd pFrankSsevBise det erm ned from absorbance at 280 nm using a
spectrophotoneter. A calibration curve was created for BSA by seri al

di | uti[oe115n omrdeits: empIen Vikirhtich REhabisay Poikeyfaa®sRehybddibt) BSAcen achieved with
concentrations. Size exclusion chromatography was used to quantitatively
anal y 28 Atphety sevphesd giold b&8t/e dhdutical grodahng st axperir@h@E! psubeegsshber totapree pittésence
of BSA and nyogl obin. An Agilcnt 1100 H PLC system w th Superdex 200,

10/ 308%gel permeation columm from GE Heal thcare (Uppasal a, Sweden) was used
for the size exclusion chromatography which gave an excel | ent baseline

r esol UPVI8! betAreetingss e mBYyF gBTltredlakshavgbeps dagrrigdand;shovsiovith WEBHE <phat e

buf f t . pH 7. . bi | h t fl 01 0.4 mJmn. 100
i cr PP e SRR 1 AP ERL Bt eTer v Baplebi b T odnt he e Qe
{10 Syngh e, 20040l I, 185 IO Eho oAl B0 11200, SC1 AR Vs

detector at 205 run for protein concentrationsS. An appropriate calibration
CUr Ve AVBSdikk$e thidsOspeatialll ddiSutdd Mereis ORCRME frdtotpse 6ifheBpAa@nds A @Bhakion of thom
t he peak areas. [00114] Two-stage CTC Experinent: A punp drives concentrated
sl ur r yrebanoinvetdre. | ced tank to 1st static mxture where it gets mxed with
t he penneate stream from 2nd hol |l ow fi ber nodule in appropriate ratio. The
1st stl@@¥1F] m ¥erlpmoik Hemvgoodhasboch pgtivétywvelewn tthiedsoihakewilr afedefto palitukesi n
slurry and the perneate streamfrom 2nd hollow fiber unit along with the
suf f i ¢mbimeps dhicgreln deviil peranderytpsl byjdhase silké e B ruheqadquy ey changmmnin B fanged ¢

m xture enters the 1st hollow fiber unit a ets divided.in to .

0 ¢ et RO RSHEF SRR Bt Em by S Bt Dot el ar Pl s
perneate stream The perneate streamfromthe 1st hollow fiber nodule is
collected in the tank as either product or waste. The retentate streant of
1st hollow fiber nodule enters the 2nd static m xture where it again gets
m xed with fresh buffer (in case of washing or elution step) or feed
protein solution (in case of binding step) in an appropriate ratio. The
diluted slurry from2nd static mxture enters the 2nd holl ow fi ber nodul e
and gets divided in to two streans: the retentate stream which consists of
concentrated resin slurry and resin-free perneate stream The perneate from
the 2nd hollow fiber nodule is directed towards the 1st static m xture
while the retentate is collected WD 2010/107677PCT/ US2010/ 027266 in a
separate tank for further processing. Hollow fiber nmenbrane nodul es were
used in constant flux node using a two-channel perneate punp and pressure
drops along the nenbrane as well as across the nenbrane were nonitored
usi ng pressure sensors. [00115] Results: Conpl ete separation of the binary
protei n system (BSA/ nyogl obi n) has been achieved with BSA purity of 99.5%
and yield of 93% Theoretical nodeling and experinental results were shown
to agree within 5% [00116] Accordingly, while the nethods disclosed herein
have been descri bed and shown with reference to particul ar operations
performed in a particular order, it will be understood that these
operations may be conbi ned, sub-divided, or re-ordered to form equival ent
met hods wi t hout departing fromthe teachings of the present invention.
Accordi ngly, unless specifically indicated herein, the order and grouping
of the operations is not alimtation of the present invention
[00117]Finally, while the invention has been particularly shown and
described with reference to particul ar enbodi nents thereof, it will be
understood by those skilled in the art that various other changes in the
form and
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details may be made w thout departing fromthe spirit and scope of the
invention, as defined in the appended clains. CLAIMS |I.A nodul e,

conprising: a first input port for receiving an input sol ution; a
first mxer for mxing the input solution with a recycled solution froma
second input port to produce a first m xed out put; a stage | filter

for concentrating the first m xed output to produce stage 1 retentate,
wherein stage | perneate exits the nodule fromthe stage |I filter via a

first output port; a second Mbx&MSBor mixing the stage | retentate
fromthe stage | filter and an optional buffer solution froma third input
port to produce a second m xed output; and a stage Il filter in
series with the sta | filter for concentrating the second m xed output to
produce stage Ilgf% gh §§%pﬂﬁ?%h exits the nodule fromthe stage Il filter
via a second outggt ort, erein.stage || P?rqeate exits the nodule from
the stage Il fil$BPUPY RO WP FECOiRg At Ry spivtion: wherei n the input

solution frominput port flows through the stage | filter and the stage |
filter in a sing Brshauxer fammxpeie gt sortien Wi prgsHctedsCoubPR drogut &?ngort
flows countercurrent to the input solution into the second input port. 2.
The nodul enpft peltad prodpcephbrseimmxedmaitiuiput sol uti on conprises resin slurry
and unpurified product solution. 3. The nodule of claim1, wherein the
stage | perneat ea ismgwalstitter fordcontherratinduthe Gist ahiacdnobipunherpoducehgagt dge |
perneate i s product.
retentate, wherein stage I permeate exits the module from the stage I filter via a first output
port;
a second mixer for mixing the stage I retentate from the stage I filter and an
optional buffer solution from a third input port to produce a second mixed output; and
a stage Il filter in series with the stage I filter for concentrating the second mixed
output to produce stage I retentate which exits the module from the stage II filter via a
second output port, wherein stage Il permeate exits the module from the stage II filter via a
third output port,
wherein the input solution from input port flows through the stage I filter and the

stage I filter in a single pass, and recycled solution from the third output port flows

countercurrent to the input solution into the second input port.

2. The module of claim 1, wherein the input solution comprises resin slurry and

unpurified product solution.

3. The module of claim 1, wherein the stage [ permeate is waste.
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5. The nmodul e of claim1l, wherein the second m xer receives clean buffer
solution. 6. The nodule of claiml1l, wherein the second m xer does not
receive clean buffer solution. 7. The nodule of claiml, wherein the third
out put port is connected via a punp and a three-way valve to the second
input port. 8. The nodule of claim?7, wherein the three-way val ve sends an
output fromthe third output port either to waste, or to the second input
port. 9. The nodule of claim1, wherein the stage 1 filter and the stage
11 filter 4re tafigembidt of tleim 1] Wheeis the st@ze [Peemendelisipeodict.cl ai m |, wherein
the first m xer and the second m xer are static m xers.

5. The module of claim 1, wherein the second mixer receives clean buffer solution.
6. The module of claim 1, wherein the second mixer does not receive clean buffer
solution.

7. The module of claim 1, wherein the third output port is connected via a pump and

a three-way valve to the second input port.

8. The module of claim 7, wherein the three-way valve sends an output from the

third output port either to waste, or to the second input port.

9. The module of claim 1, wherein the stage 1 filter and the stage 1I filter are

tangential flow filters.

10. The module of claim 1, wherein the first mixer and the second mixer are static

mixers.
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