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filters nust provide effective virus renoval while
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all of these goals. Since high viral clearance is '
safetrys nfedethatt érd, t e ldtdmr proeesbeegoalevdehated that
- have suffered. Meeting these other goals would
preubdeantimid yremotredse predusd i eBmmercially effective and

cost-efficient, such filters must provide effective virus
removal while maximizing product recovery, and must be

reliable, consistent and capable of validation.
' Virus removal from liguid Streams, particularly
process -streams in the biotech and pharmaceutical industry,
. has been practiced for some time. High wviral clearance,
high product flux, very high protein passage and simplicity
of operation are the goals of the end-user, yet the prior
art does not provide a solution that satisfies all of these
goals. Since high viral clearance is always needed, it is
the other process,goals that have suffered. Meeting these
other goals would substantially increase production

efficiency and thus lower processing cost.

The prior art provides several membrane :types and

filtration modes for wviral clearance. One such product is



efficiency and thus | ower processing cost. The prior
art provides several nenbrane types and filtration
nodes for viral clearance. One such product is the
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substantially hydrophilic, (ii) at least . two of the
"hydrophilic membranes are each capable of substantially
selectively preventing the passage ‘therethrough of said
.virus and substantially permitting the passage therethrough
of said protein, (iii) at least two of the asymmetric
membranes have each a tight-side and open-side, (iv)the
foremost asymmetric membrane is oriented such that fluid
introduced 1in said Thousing through the fluid inlet
commences paésage through said foremost asymmetric membrane
through its open side. It also claims that each of said
asymmetric membranes are substantially identical in their
composition and porosity? and whereih the porosity of each

said asymmetric membranes is defined to enable performance



“asymmetric nenbranes are substantially identical in
their conposition and porosity, and wherein the
porosity of each said asymetric nenbranes is defined
to enable performance 2 of the virus renoval
ofngthfodbl By, remerailngetiatpredinct vonldiague (hdwy) reduction
greater than 6 and a protein passage greater than 98%
vaCoesi SLRWCy girgadevi cehan- devare perporiaime passsage greater
critically inportant for users of nenbrane filtration
thdavioggs in order to predict filtration performance from
run to run, and to scal e-up or otherw se engi neer and
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CapaC|ty is inportant in high value filtration
Coprigiesseddsich ASaVPriu® rehoeaheirivificophay Hagent gyl design
manuf acturing. Capacity relates to the length of tinme,
proresgeisune Wferd witemacitanpke formpaced dyefurst ey as one
filtration rate is reduced through plugging by
ofr ¢hal nesktspEepestant fauttionrg, et cfilteraneclirecdnoni ¢ In the
|l evel . High capacity filtration inproves process
caBBONgfi CBabYeredUCi 88 virus filtration, the performance
criteria important to users include throughput capacity,
flux (or permeability), and retention of bacteria or
viruses.

Capacity is important in high value filtration
processes such as virus removal in biopharmaceutical
manufacturing. Capaéity relates to the length of time, or
volume of fluid that can be filtered before the filtration.
rate 1s reduced through plugging by retained species or
fouling, etc., to an uneconomic level. High capacity
filtration improves process economics by  reducing
processing time and the amount of filter area required.
High flux becomes critical in medium- and large-scale

manufacturing operations where process equipment is

required to be turned around rapidly to process the next



processing tinme and the anount of filter area required.
. High flux becones critical in nedium and |arge-scale

manuf acturi ng operati ons where process equi pnment is

required to be turned around rapidly to process the
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repeatability of filter performance from batch to
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epend on a nunber of factors such as nenbrane

. varjahility, lot-to-lot protein variability,
JlWégﬁégﬁﬁity I n operating paranmeters, etc.

Manuf act urers of the therapeutic proteins take neasures
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variability can be defined by the difference of .
fasrtopes t isesh f aomPRIRFaRe urvialy alutl ity | odotato-lot protein

manuf acturing lot, or batch, the terns are
vamitarichiangeabVeriakidétiynednby doweratmanuf aua vameteBs) ot etc.

can be the production output froma single polyner
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froman operating shift. It is common in flat sheet
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sub- lTot. Asingle roll or ot may al so be Subdi vi ded
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fJ%ﬁ?rgL{%glpn F%r#@ﬁg?léﬁelgl:zetodi itorci. but lqonmaﬁﬂ‘?agw?g?:{%ge lot, or
batch, the terms are interchangeable, is defined by the
manufacturer. A lot can be the production output from a
vsingle polymer solution volume in immersion casting, or the
output from én operating shift. It is common in flat sheet
membrane to label each manufactured roll as a lot or sub—
lot. A single rol; or lot may also be sﬁbdivided based on
the wvariability within that roll. Thefe are many factors
that influence membrane performance, including the pore
size distribution, the membrane chemistry, membrane
thickness, membrane porosity, and others. - While membrane
manufacturing processes are designed to control all of
these factors to maximize uniformity and consistency, there

will inevitably be some distribution within normal

manufacturing conditions for all of these variables.  This



t hi ckness, nenbrane porosity, and others. Wile
menbrane manufacturing processes are designed to
control all of these factors to maxim ze uniformty
and consi stency,, .there wl| .inevitably be sone .
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for all of these variables. This 4 penbrane

POFfOTAIANGR y CORSLBREY 10 devitledhigevitzed to  reduce
performance consistency. Methods used to reduce . .

vardridbiiltiv y im & deavwed hridughdel eglisetiegeriageysng  is
described herein. In addition to reducing device

desardidded iHereimenbrane devi ce nmanufacturers desire to
opti m ze and/or naxim ze device properties of a

populat h@ai ef ofleiLesedAs iyl |ddig caeseribpdlity, membrane
enbodi ments herein provide for nmethods to increase the
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manuf acture evi ces through selective ayering as
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variability of the nenbrane inportant, but nenbrane
inggeiaasi | | thecanvairegst tpePacht¥r addedinsst nelealptie of a

| ayers, as will be shown below. It therefore would be
potediataldre t ofpr ovamefactwiéd- devices  through selective
layering as compared to a population manufactured by
standard non-selective layering.

The ability to control device consistency 1is
particularly important for multilayered filtration devices.
For these devices, not only is the -variability of the
meﬁbrane important, but membrane variability can affect the
interaction between the layers, as will be showhrbelow.

:It therefore would be desirable to provide a multi-
layer mémbrane device with reduced performance variability,
as well as a method of reducing the performance variability

of such devices, notwithstanding the inherent wvariability

of the membrane manufacturing process.



| ayer menbrane device with reduced performance
variability, as well as a nmethod of reducing the
performance variability of such devices,
notw t hst andi ng the j.nhe Laki L i1y t he

| NVENTI ON Aspects of the discoveries of the inventors
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reduced performance variability. The variability is
mpbgicedvey asMNNANR tWwelorardra neddvanes wiiith reduced
simlar pore sizes, and carefully selecting the
pelpst reanceae @ hbsey. upoMhel t sapeaboi tragceis atradyiced by
in order to control the performance of the overall .

céigyifeng TREUPSE N @RIBOr mbRABraRABr ane-H agemillsrt Neore sizes,
menbrane |ayer that the feed streamfluid initially
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ayer is | ast lay contacts and passes

.t hrough, The nmenpbranes do not, necessari e to b
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ven contained. wthin separate devices. The

ohehbf ane? c®YbrFfat is not limited to flat sheets,

but can be in any format including pleated, spiral, or

hol | B0 f iUPSET&FT c8F bECApEITRYFas deviedeslfhdther aembrane

operated either in normal (or dead-ended) flow or
lapagerithadl thew feedodstream fluid initially contacts and

passes through. Conversely, the bottom layer is the last
layer the fluid contacts and passes through.

‘The membranes do not necessarily need to be stacked.
They can be separated within the device, or even contained
within separate devices. The membrane/device format is not
limited to flat sheets, but can be in any format including
pleated, spiral, or hollow fiber and can be applied to
devices that are operated either in normal (or dead-ended)
flow or tangential flow methods.

In an embodiment, selective layering in accordance
with the ‘invention reduces the capacity range” of the
devices when compared to random or noneselective layering.
Range‘is defined as the difference between the high and low

value of a property of a population of devices.



I n an enbodi nent, selective layering in accordance
with the invention reduces the capacity range of the
devi ces when conpared to random or non-sel ective
Iayerln Ran i s defined as the di fer nce bet
ha T g SRPTEA Tt (e 0 Tee D, GRBACY E8T OF FopURMiARToR of
of devices. 6 In an enbodi nent, the nean capacity of
deydeicat i8n BFCaHRYI ceRal s Qficdatldr PRENIGFLR) | Mean of the
popul ati on nean of the individual nenbrane |ots used
indd wisimaflact healitsae popitat i omsech. dm empodifstitureg he the
capacity of a nultilayered. device produced from
pdpayertd oof. di fferent capacity is higher that the
arithmetic average of the individual layers. In an
enbagi mMaft , et dildbntd,0r Hiey Meiyddt renge i Snultilayered
reduced, with the mean near the overal | popul ati on
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BRI EF DESCRI PTION OF THE DRAW NGS Figure 1 is a bar
regugsidr s el § heh msagh pra o ft e |oafasia L insyAi i sy iasn -

cont ai ni ng high and | ow capacity mnenbranes
In an embodiment, the LRV range is reduced, with the

mean LRV near or higher than the overall population mean.

In an embodiment, the filtration capacity of a
population of multilayered filter devices manufactured from
membrane lots or a single lot having capacity property

variability is maximized.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a bar graph showing throughput of 2—layer'

membrane devices containing high and low capacity membranes

combined in different positions with —respect to top
(upstream) and bottom'(downstream) position.

Figure la is a graph showing throughput of »3—layer

devices containing high, medium, and low capacity membranes



conbined in different positions with respect to top
(upstream and bottom (downstream position. Figure la
is a graph showi ng throughput of 3-layer devices
contai ning high, nmedium and | ow capacity nmenbranes 7

L ned_in di t posjitions wth respect tqQ to
Com§€%%¥regﬂ),é%%ﬁﬁ%gﬂguiéﬁ% %ﬁé&%omﬂ%?%ea%ﬁﬁ&%§ﬁio ° top
Figure 2 is raph of hypot hetj cal distribution of

(UP H T Bhe %%%@%?t?gg;b??gﬁ?e?govgsgﬁﬁ?%thBFlﬁéﬁﬁrane
capaci t gistribution showi ng a sel ection of top |ayer
: mﬁ%ﬁ%ﬁ% ndSbét tHMPRyef ndWiBcihe tirade cb dlapteuni ¢ of
certain enbodi nents; Figure 4 is a graph of nmenbrane
memrgiai ¢3PA¢EEF¢HUti on  showi ng anot her sel ection of top
| ayer nmenbrane and bottom | ayer nenbrane in accordance
wi Fhgweee t 3i dserbogirapht sf Fegbrans icamagraphdshowibBgtion
the effect of layering on buffer perneability; Figure

shobing a geapktibewidry the ehieet mefvk-ayer il ot t&Y; layer
Figure 7 is a graph of nenbrane capacity distribution

memiSHONE Noh 3n SEb L8410 1 t 1 0P LAY E: TRIDLARELARI bottom

| ayer nenbrane in accordance wth certain enbodinments;
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showing another selection of top layer membrane and bottom
layer membrane in accordance with certain embodiments;

Figure 5 is a graph showing the effect of layering on
buffer permeability;

Figure 6 is a graph showing the effect of layering on
LRV;

Figure 7 is a graph of membrane capacity distribution
showing a selection of top layer membrane and bottom layer
membrane in accordance with certain embodiments; and

Figure 8 1s a graph of Thypothetical capacity,

permeability and LRV distributions and correlations.

DETAILED DESCRIPTION OF THE INVENTION

Membrane manufacturing processes inherently result in
some variability in membrane properties even though

materials and process conditions are kept as constant as



DETAI LED DESCRI PTI ON OF THE | NVENTI ON Menbr ane
manuf act uri ng processes inherently result in sone
variability in nmenbrane properties even though

mat eri al s and process conditions are kept as constant
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battery of tests on nmenbr to ensure that the
uf act ur | oce has. p d r it hi ,
celR L BR it alt o Tt CREFHES ateaarss Danugngguring
be instituted tq classif or "rate" each batch or, roll .
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Menbrane manufacturers wuse a variety of nethods to _
Aqdclittel gRabran e’ O FRALBRanpRE, 21per e divpekpised to classify
menbr anes, versions of the well known bubbl e point
ont est'radip”be esed. thnigilve @moreodlze ofati mpmbrASEM after
F-838-05 describes a nmethod of LRV rating using

mahidaiute,. bhieaf idnt reé i oornende aneyiaier413¢ eflalyifacturers
testing wth water sol uble pol ysacchari des as

uglesgerihedethOlor 6X8MRbes iR Gadkagbknapfes. M ghaekgample,
"Arejection profile test for ultrafiltration

f%%i%&q%@sfg‘ﬁg&ﬁ%ane? of &‘?Q{‘%ngofi i ?ﬁé (%gﬂ)- known

e Thcorpbratéd 1nto nu ayere
vices fo irus renmpoval in biotherapeutics , .
DURBAR aRPHRT nge e aie PEsESE%by ot it Fl Ghpgsize rating.
reducti on value (LRV)/capacity tests %hich chal | enge
a

ASTAE erhitife widassmigoes méthod o LRV rating using

b.diminuta. Ultrafiltration membranes are rated by testing
with water soluble polysaccharides as' described, for
example, in G. Tkacik and S. Michaels, “A rejection profile
test for ultrafiltration membranes and devices”,
Bio/Technology 9, 9241 (1991).

Membrane lots to Dbe incorporated into multilayered
devices for virus removal in biotherapeutics manufacturing
may be tested by normal flow log reduction value
(LRV)/capacity tests which challenge the membrane with the
bacteriophage, such as ¢x-174, in a protein solution, such
as bovine serum albumin (BSA); or human IgG. | Virus
retention (LRV) and capacity (volume filtered) at a
predetermined end-point, such as 70-75% flow reduction, are

measured, and relative performance values are obtained.



bact eri ophage, such as 4x-174, in a protein solution,
such as bovine serum al bum n (BSA),. or human |gG
Virus retention (LRV) and capacity (volune filtered)
at a predeterm ned end-point, such as 70-75%fl ow

TREENHION, B Er W%@%e@ﬂgnghﬁkﬁ\é@epefi@{&angg used to
val ues "are obtained. 9 Typically, water or another

me{g%g{r%g%%%a@#ﬁ%yw;%lﬁ?g ‘ﬁ‘?ci‘}%m t ure perneability of

rane. ranes e given batch are

t he erf ormance rated based upon .the resul.t
bt Sad. MATPEPRES meAbPRnec i 6 qUAITH of Alider g7  then
single standard of perneability, retention and
pegdipaEiamyre Heed Lazgd UHGE] FPPedesdthtaPiained. All the
consi dered as a single product neeting all
nmegpewincscatdods Wued gt d vodesvr ma f uatnpda @tendard  of
performance (including pore size rating). As with any .
pefiedidttli tyher erattent Dber anaes igagdreitspeci fi Cakitonsis, all
Regardl ess of the tightness of the tol erances, there
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within the specification tolerance range. It is known
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Regardless of the tightness of the tolerances, there will
inevitably be some finite performance variability within
the specification tolerance range.

It is known that for stacked filters, the resistance
to flow is additive, so that the flux of the stack will be
approximately the average of the filters used to make the
stack. Also, retention, as measured Dby LRV, is
approximately additive, so that the LRV of a stack will be
approximately the sum of the LRV’s of the individual
layers. However, the present inventors have surprisingly
found that for multi-layer devices containing similarly
rated membranes in each of the layers, the contribution of

each layer to performance of the device does not

necessarily follow such a predictable response,

10



approximately the sumof the LRV s of the individua
| ayers. However, the present inventors have
surprisingly found that for multi-layer devices
p OO AL IH ATy Siwthd Bé | Ypet Bbetaneabr agesdefiragh dfi therms of
| ayers, the contribution of each |ayer to performnce
cadig, device does not necessarily follow such a
predi ctabl e response, 10 particularly where

per fﬂ{é'ra%%%é.e?ltdefiiﬁlg\%gltio'}st ef, g% Of %o&z"i‘n@acﬂ:ﬂa}‘t e providing

present inventors ound that by providing

| ti-layer .devices containing sin.larl e ;
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device contributes to perfornmance. Howeyer, the ,
eaIht r Phut i oM of LagEN gy%frlcltlo Pt TaHLERSR (e  device
device generally is not equal, particularly where
ceerfidrutasetios Rt foemhnee t er MoWeTetapabit ycomsr igegion of
herein, the term"capacity"” is the volune of fluid :
eddiat legarbe-pr peesoethaby et hef mehkr adwevibef geaereddlyi ngs not
a practical endpoint. In the case of constant pressure

edidl ) abheRichiohraxanphere t Bat-rendReiRt is gdefineed 85 terms
he condition at which the flux has decayed due to
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pres i nventors have foun fhat in a nulti-layer
GRS ST NT TR BLLY A8 SH DRIBLAREY (U8, pepirane
bé%gze reaching a practical endpoint. In the case of
constant pressure filtration, for example, that endpoint is
defined as the condition at which the flﬁx has decayed due
to membrane fouling to a predetermined minimum.

The present inventors have found that in a multi-layer
device containing similarly rated membranes, the upstream
layer qontrols throughput capacity. Moreover, the
inventors were surprised to discover that when selective
layering was empioyed, the average capaéity of a device, or
of a population of devices, was higher that the average of
the individual layers. Accordingly, once the capacity of:
each membrane of the lots to be’used.to make a population

of devices is known, the upstream membrane of a multi-layer

membrane device can be selected according to the methods

11



inventors were surprised to discover that when
selective layering was enpl oyed, the average capacity
of a device, or of a population of devices, was higher
t hat the ayerage . of .the indivi L. | ayers. : ;
}“%5?6}d?%gpé?a%%cgthérggﬁa%?t§a§$glggcﬁ%ﬁé (ZHRIGE PRITCe
| ots to, be used to make a popul atiaon .of devices s
o i, Di RaS Bps BT ERRP ReRBrad PP A 1121 v AghFale 2
devi ce can be selected according to the nethods 11 ,
werldrei ntRE oBtadige t hefhi gRERCidapacYd{uedr £0& ngflee device
device, or the highest average for the popul ation
pamridtaictur edllAde wahdlléehe thamgetloft capadiey pepubstion of
for the device population will be smaller than that of
mdnier ol dtrioan wiens@nphaneget i oas Whenee hhdedevi a@slitional
were made. Additional performance criteria, such as

pdBASA 4 08 and/ or; + perdreabi I fyn al $@ can e #38édi 0  and/or
neasure performance, and to base nmenbrane sel ection

. Ad ' i
o Bp A BB AL AP oe W I BoUE lknce, and
t he average of the layers, the range of

agfroxinatm

tQ RS TERMF eFS1RAE1OThGE  of the nenbranes used. The
resulting LRV of selectively |l ayered devices is
si mAdged obPeRETAGEr AFE oFhathdhferbrahes thsedre st haat flux
smal  er range. By way of exanple, the effect of |ayer

ofor ddra ngedrectdaplay t Y avmrask dEvorest r dtsed appresim@tely  the
flow virus

average of the layers, the range of values is smaller that

that of the membranes used. The resulting LRV of

selectively layered devices 1is similar to the average of

the membranes used, with a smaller range.

By way of example, the effect of layer ordering on
capaci‘ty can be demonstrated on normal flow wvirus
filtration membranes, although the present invention is not
so limited. Figure 1 shows that a double layer membrane
capacity (defined as 75% flow decay from the initial non-
fouled wvalue) of an asymmetric polyethersulfone membrane
commercially available from Millipore Corporation under the
rname VIRESOLVE PRO™, is controlled primarily by the

capacity of the upstream layer membrane, regardless of the

capacity of the Dbottom layer membrane. Thus, for the
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filtration nmenbranes, although the present invention is
not so limted. Figure 1 shows that a double |ayer
menbrane capacity (defined as 75% fl ow decay fromthe
initial non- fouled value) of _an, asynmmetric
meﬁ%ﬁfé}%eF@EFf G 1815 e™ S corhm¥r ci R av4 | &Pe RS ©F
MI1lipore Corﬁor‘ati on under the name VIRESOLVE PRCS',
this depmbperrediagr endrlidgreipPithect capaeit py & ke . For the
upstream | ayer nenbrane, regardl ess of the capacity of
menipe-don t 00d- | ajesigpabednes Thusght ocapheity2 revbrbagers of
roll designated as "low' capacity, two layers of this
thiemeanerdred lead ha otighpughpfit ab6ubb500 LOORL /MGt Theoughput
menbrane roll designated as "high" capacity, two | ayers
arf ciphsipprananeshady a1 LRt oughpdt, of waBAUS KL/ Bmbranes
Throughput™ and capacity are equival ent terns.” Wen
wedll 9o TRTRANES uoURLEROSLELANSG: UPSt LEAMANELS " LWk were
nmenb t P& pF

anes at we aced Irn the downstream position,

t he capacity of these devices were nearly_equiyale
PlASachat Rof ey PRUBSEREAT CONTSF Hoth 8 oy BPECOF " I ighibese
menbrane. A simlar result _is apparent for nenpranes
depH&es t HETS offt2EayacfEyivaeABEane’ Werat pss t dgveges  that
upstream over "high" capacity nenbranes that were
copltadertd ntvhe lagwrst rem pdgint’i oremiMtane capacs iyl ofr t hesult
mul ti-layer device was not negatively inpacted by the
igrel appaebyt| oidrhr omgiprnenet t héndaad t ofthel ayellow” capacity
menbrane. The "I ow hi gh" conbi nati on shows t hat

membranes were positioned upstream over “high” capacity

membranes that were placed in the downstream position. The
" capacity of the multi-layer device was not negatively
impacted by the relatively low throughput of the bottom
layer membrane. The “low/high” combination shows that
despite the relatively high ‘capacity of the downstream
layer, again.the overall capacity of the multi-layer device
is a function primarily of the upstream‘ layer.
Accordingly, 1f two or more membranes of known differing
capacities are avallable for assembly into a multi-layer
-membrane device, the membrane available with the highest
capacity can be selected as the upstream layer. To explain
the selective layering approach, the capacity properties of

membrane Jlots available to be made into devices is

13



despite the relatively high capacity of the downstream

| ayer, again the overall capacity of the multi-I|ayer

device is a function primarily of the upstream| ayer.

Accordingly, if two or nore nmenbranes of known

differing capacities are available for assenbly into a

mul ti-layer menbrane device, the nmenbrane avail able '
aPRITOR Rd SHivgHextmubalpadi Lptean IS sfalidutteibmsashéllustrated

upstream | ayer. To explain the selective |ayering
inapdioaete t Re capabit yoptdperties othenmempmneidot scapacity

avai l able to be nade into devices is 13 approxi mately
disaribhatied | hso ahdhst sébatted assi lddist natyed: mwRmbrane in

Figure 2. A portion of the nenbrane capacity
ordest rddutédicd sthbera5ffecd £d3as1 EBP dadVRli TIRIDI@pd Fed to

order to reduce the range of device capacities conpared
1alRrihdy efh 9nkhe 1By ;afgﬁcci]&ﬂf om.y,q apd Lo, o Z&apacity -

Capacity and/or mnim ze devite-to-device capacity

riabi.li.ty¥. Thi s .phenonmenon. has al so, been denpnstr at ed

SRR L ST st el B S TR el et e Aves:

menbrane (MI1lipore Corporation, Billerica, v

Mas $R¢FudHINeneR r §S31 vl REPLEREy nBEMPR e PEPdoATy uEhree-

menbranes cl ear parvovirus from reconbi nant or human
lagpgsn@rsdsceds 23, SdeHates Novit5017200e s ke 0SBEP membrane

technol ogy used to produce the Viresolve nenbrane. It
(Mpiovpdes a cdihposetat RVDF nenBhlddericenpri siMgsaapbusasts) .

menbrane substrate and a tight side
Viresolve NFP (Normal Flow Parvovirus) membranes clear
parvovirus from recombinant or human plasma sources. U.S.
Pat. No. 5017292 discloses technology used to produce the
Viresolve membrane. It provides a composite PVDF membrane
comprising a porous membrane substrate and a tight side
(the surface having smaller diameter pores) having
ultrafiltration separation properties.

To demonstrate the effect on capacity, NFP membrane
rolls with a range of average capacities were selected and
labeled as high (H), mid (M) and low (L) capacity rolls.

Devices were built with various combinations, for
-example: HHH, HLL, MHH, MLL, LHH, LLL, etc. The first,

second and third letter indicate upstream, middle and

downstream layers, respectively, as shown below
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(the surface having smaller dianeter pores) having
ultrafiltration separation properties. To denonstrate
the effect on capacity, NFP nenbrane rolls with a
range of average capacities were selected and | abel ed
as high (H, md (M and |low (L) capacity rolls.

Devi ces were built w th various conbinations, for
exanple: HHH, HLL, MHH, ML, LHH,LLL, etc. The first,L
secomnd—and 1t hi | et ter—TTdiTat e upst r eam Tmddie and
downstream | aygjs, respect ively, I—E\‘Z shown bel ow 14 H |\1L|
L AHH HHH These Optiscal es re tested ror
capacity usingH BSA stream spijkpd with 4x-174. Fi gur
1A shows relative capacity values for different

| ayeri ng conbi nati ons. These results showed that when
"M d" capacity menbrane (MVW) was used as a top | ayer
over "High" capacity (HHH) or "Low' capacity (LLL)

me NIE%Q@SoPttH%adfé@ cpsrdt thskavered cophinali oribY Bsa

or - showed capacity close to Md capacity
e Sl S R et LR et

"m d" capacity nmenbrane as top layer. In this '
vapaesi Earafifégaepite laptex imgngeniinadi@nve capacity was

reduced from

These results showed that when “Mid” capacity membrane

(MMM) was used as ‘a top layer over “_High" capacity (HHH) or
“Low” capacityr(LLL) membranes, then devices with layered
coﬁbination (MHH or MLL) showed capacity close to Mid
capacity membrane. In other words, variability in relative
capacity was reduced as a result of selectively placing
“mid” capacity membrane as top layer. In this particular
example, the range in relative capacity was reduced from
about 1.0 to about 0.2.

Accordingly, if two or more membranes of known
differing' capacities are available for assembly into a
multi-layer membrane device, the membrane with the capacity
closest to the target capacity of the overall device can be
selected as the upstream layer. Using this approaéh, a

portion of the membrane capacity distribution can be

selected as top layer membrane, thereby reducing the range

15



about 1.0 to about 0.2. Accordingly, if two or nore
menbranes of known differing' capacities are avail able
for assenbly into a multi-layer nenbrane device, the
menbrane with the capacity closest to the target

ofcapagit¥ ofapheiovesaltomievie® G heyesehect edeasméhi®ranes
upstream | ayer. Using this approach, a portion of the
rafRlRngne capacity distribution can be selected as top
| ayer “menbrane, thereby reducing the range 15 of

devg%e QQBQC'BEeStﬁg fgkL@ !QXﬁﬁH%%mkpeo%enPﬁgneﬁpstream
random y. I'n view of the relative influence of the
upstrea nenbrane | ayer, vari.ous layering strategies b1
me éaa&sgim?r SATRE LABGATRENt T T T IHEST ndditt i BRSSP e
are described based on the Figures 2 and 8. Figure 2
SeilgchedaRBPaRimanEer idfut FoR dmveaFdcn yahal fescribed based

calculated to represent nenbranes simlar to those
onshde i FRyguess 8 amthds. & gureFigurepr@sents a Gaussian
correlated data of perneability to capacity and LRV to
dicapdeiity.onlo ofakeapheisiynuk-alluess oaleulbeal stbc, rébeesent
points of Figure 8 were generated froman actua

mekib?eRk sC A iel B+ oo Whbs@ SRbwHeghed iQhireanddnaesss. t Pigure
give the scatter plot shown. These points were then

P T o R L 20 ety
an%?nqh. €0 capacity. To make the simulations more
realistic, the points of Figure 8 were generated from an
actual linear correlation with a set degree of randomness
to give the scatter plot shown. These points were then used
to calculate the effects of various layering strategies.
To.illustrate these strategies, a two-layer membrane
device will be exemplified, although 1t should be
understood that similar results can be obtained with
devices having three or more layers. In this embodiment, a
middle portion (e.g., 10-20% of the midpoint of the
distribution) of the capacity distribution is designated
for the top or upstream membrane layer, with the remaining
portion of the distribution to be used as the bottom layer

membrane. This is illustrated graphically in Figure 3. By

utilizing a top layer membrane from the middle of the
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device wll be exenplified, although it should be
understood that simlar results can be obtained with
devi ces having three or nore |ayers. In this

enbodi ment m _ddl e ortlon 10- 20% aof_t he
SRRSOt SO EERBECHCS r PBGYP on) 6t R hd e ypver membrane
distribution is designated for the top or upstream
fnasnhERAe Joffer O witihthe Sigraiafi nbhe psediasH-tof ghatribution
distribution to be used as the bottom|ayer nenbrane.
cuihies | $£hd | wenost e®igr ggiviical | yapacktggse $1ilgy be reduced
utilizing a top layer nmenbrane fromthe niddle of the
cokfpaphcity drshdohut lageecdibhye, amdha boett amffeyer on mean
menbrane fromthe left or right side of the capacity

céﬁgﬂﬂﬂianéglequve t he range of device capacities
be reduced conpared to randon1|ayer|ng, with no

effﬁﬁ%ﬁ&’l{be”%a”ll]fﬁ@@fé ¥ (Tahlig) ﬁﬁﬁﬁeﬁt of ja multi-

il s another e nent 0 ti- layere
menbr d vice.ﬁ%n t he e nt of Fi.gure 4,
L Ay B RERBE A TASS andopf y CE81 SSESE BT ( RE Cogeze 4
hal f of the capacity dlstrlbutlon curve, and_the bottom
theay EPPreM T PEPFaRGoM S $NEERLY SORTTRA beFeBmENe  top
hal f of the capacity distribution curve. In addition
hald dedr ebls¢ ngFamawl tapadistty ibatgenbychav e, asang tihe bottom
enbodi nent of Figure 3, the enbodi nent of Figure 4
1 aatesn mariseasesi s heandaml yc apdeictydas roanpatedoddtomndahf of
| ayering. Because this
the capacity distribution curve. In addition to decreasing
the capacity range by half as in the embodiment of Figure
3, the embodiment of Figure 4 also increases the mean
capacity as compared to random layering. Because this
embodiment combines the upper portion capacity distribution
(and therefore the upper portion permeability distribution
and the lower portion retention distribution), with lower
portion capacity distribution (and therefore lower portion
permeability distribution and wupper portion retention
distributions, respectively), and because higher ‘capacity
membranes tend to also have higher permeability and lower
virus retention (but all within the product specifications)

variability in permeability and retention is reduced

compared to random layering (Table 1).
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enbodi nent conbi nes the upper portion capacity
distribution (and therefore the upper portion
pernmeability distribution and the | ower portion
retention distribution) , with lower portion capacity

di stk iyt | 9@1@@%@1 theretaee Lower,ppitiQpyrpergeabithiy to

di stribution an upper portion retention

Y B IS o« o
Ca%%r@r{eg’glﬂ]{}(ﬁty@g)é%%?or\gea%Pﬁﬁsgus riﬁe%}t Ifola;(qb pred{g‘&gble

perneability and retention is reduced conp

Lfr afvomattyat | AdgStrabuéipn doesthe’e %\Rfclcbedth% (flh%tléﬂr‘?utlon
W Il appreciate that to effectively enploy the

asenmedi nerdcs ofeFigotesB anthéd, thep capasity bottom  layer
di stribution nmust be well defined and predictable. |If

spe rackualond, st héut itere rdoesi NDt baaturte dukel dhambelst icdh top
assumed to establish the top and bottom | ayer

arﬁ'joe&d{’&cg@t 1998 x tﬂ@ﬁbfzﬂ%@ W b ebe dnegegb rnWH S 18f range

om | ayer nmenbranes. The top | ayer capacity

oG o€ yégn&&?ezéea%%otao ghyg.d sabeby fartohibfapie top

ayer rane, 'S mnl di m ni sh

t he vari b|||ty du Lon ad e.of the
lagi§Tat BGMRLar 9arIEH&|' 1i®n Wé¥ ggﬁlgﬁahpefﬁ%abV?F%ablllty
are al so inportant erfornance factors to filter
re@eid onARdVER tEgRG t yERS R oMt T DTS EEDri marily by the
top nenbrane | ayer,
Variability ~ in retention and permeability are also

important performance factors to filter users. While
capacitby is controlled primarily by the top membrane layer,
both layers in two-layer devices contribute to flux and
retention. The resistivity (inverse of permeability) of
each layer is additive.

The device retention is often expressed by the log

reduction value (LRV):
LRV | C;
4 — — 0 —_—
E1o Cf

where C is the concentration of the target species to
be retained by the membrane. LRV is generally additive for

the two layers. As shown in Figures 5 and 6, the order of
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both layers in two-1|ayer devices contribute to flux and
retention. The resistivity (inverse of perneability) of
each layer is additive. The device retention is often
expressed by the log reduction value (LRV): LRv=

thel Qb dadd 1HOEesC dsed hencongantr at i @8 8f rdie 4gp88tiably
species to be retained by the menbrane. LRV is

sgeer Shbyiaddid inedalns ey P diay et Asyshomty | 1

gures 5 a e order of 18 the nentrane | ayers

usegggg;; 9 egfréufggss ot taeefe%@g% [ Bl CCL LV YET an

per 8~ t wo- ayer n a preferr

another enbodi nent, .retention a perneability .
PeFERRRBILATYy T bePht hF¥i 2680l mﬁ“%‘ﬂlm&éﬁgmt%zlong with

variability. To that end, if the capacity distribution
caph ciityur & ax liad Idskstired aIBﬁg whek tﬁ@d,peﬂﬁéadﬂw$ty0%9@Clty

retention correlations to capacity as shown in Figure
digtltiypitdanl y,ofrenBlgneccapacity cassehatiesalposi tiwiglly the

W th perneability and negatively with retention), the

peFaRERLANG thay emdg it s Toarehe i @l oyed. cdpasity as
the top and bottom |l ayers are paired sequentially from

orghfosl orsgizaoh ISyEoperts) ndbStEbblL AR ey etratates
pd%%@fygflty ﬁﬂghrete@gﬁggﬂé if%“llégd negatively with
retention), the membrane layering of Figure 7 can be
employed. Thus, the top and bottom layers are paired
sequentially from opposite ends of the capacity
distribution <curve to minimize <capacity variability,
permeability variability and  retention variability.
Specifically, the membrane with a capacity of 750 1/m?® (“Top
Layer 17) is combined with the membrane with a
corresponding low capacity of 450 1/m? (“Bot; Layer 17”) to
achieve a capacity of 750 1/m?, etc.

The performance variability resulting from the various
embodiments was calculated for a two-layer device and
compared in Table 1. It can be seen that the embodiment‘of_
Figure 7 aliows for the lowest standard deviation 1in

permeability and retention among all of the embodiments,

with only slightly higher standard deviation in capacity
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Specifically, the nmenbrane with a capacity of 750 1/n®
("Top Layer 1") is conbined with the nenbrane with a
correspondi ng | ow capacity of -450 1/n2 ("Bot. Layer 1")
to achieve a capacity of 750 1/nR, etc. The
coperfredmamc et har abpbimgntesfl tFimpde odn bhe neardasuslayering.
enbodi ments was cal culated for a two-1layer device and
Theonpakedd n Talmbddithén€anabgeoseanlbhat tfee ertbioghe®ntmean
of Figure 7 allows for the | owest standard devi ation
cabBciR$r MeARK! | tie ang f@t&nt3 oG, Of KBee that the
enbodiments, wth only slightly higher standard

. ation j RACI.L Y c d to t - | me
Flglﬁéﬁre% oérnﬁar angtgerq’nl ay%%?ng?ggggg Fﬁgur%q‘}edgpn%%i rr:[elrtrll%%ased
al so, all.ows for higher ,nean__capacity than the Figure 3
PeeREGRRALAY, MOt o EHAT TG  FRGurelbl BRDGAIIAS Cano Fandon

result in sljightly increased perneability and ,
laygréndi-on vapiabi PFEYreonpaFalsSeo FanddismiPpageeengvith the

This occurs because the nenbranes with the extrenes of
expeemesbidf t peandabdildntyl oandr eefiensr coonbi dietewsixt hcombined

each other. The Figure 3 enbodi nent does have the
wiglvasd@age oghetrhe | awest Fegpaei ty shbodandndevieds ohave the

TABLE 1 Layering Capacity Capacity LRV LRV Perneability -
ad?éhﬁ%@%‘eb'ft )SéleStlQﬁJe%ﬁ/ Meadt St st r3t die Mo Sh d.

V. V. V.

TABLE 1
Layering | Capacity | Capacity | LRV |LRV | Permeability | Permeability
Strategy | Mean std. . Mean | Std. | Mean Std. Dev.
Dev. Dev.
Random 600 70 7 0.85|20 1.4
Figure 3| €00 29 7 0.86]20 1.5
Figgre 4 656 41 7 0.65] 20 ' 1.0
Figure 7656 41 7 0.401| 20 0.8 |

In addition to the above advantages, the.embodiment of
Figure 7 does not require a priori knowledge of the

performance distributions as do the embodiments of Figure 3
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Random 600 70 7 0.85 20 1.4 Figure 3 600 29 7 0.86 20
1.5 Figure 4 656 41 7 0.65 20 1.0 Figure 7 656 41 7
0.40 20 0.8 In addition to the above advantages, the
enbodi nent of Figure 7 does not require a priori
anknoW eddembiranies penf erimarice ok spribedi omsceasddedt ke this
enbodi ments of Figure 3 20 and 4. Menbranes can sinply
rab&ipgl kedtancasdichgyt ardisrainankieng system as they are
avai l able. This nethod can be applied in various ways.,

dependinng omddrrdlesicaed osk pubppheedexaip! evairficosl y ways,
menbranes at the very high end o%o capacity are

deg\éﬁdllﬁglt ogn thge | O&@glggﬁacbﬁypg@nbr}ggf oéxéﬂ%ﬁ@, capr beniy

for "the top layer, to give a devi

paci ty oetothe g smal | er

meg\% élfeﬁech Y Ve %%%1% eﬁlgntﬂ)afnt%aep%&t 1:ceapaa‘%:aajtrl]gc_ieble’
is desired, the highest capacity nmenbrane woul d be

thesd@Wes FIRPIGYY | AFBPTaPR @éfrttémepr%%r Ped designated for
enbodi nents of carrying out the present invention,

theachopat’ e, mésbr giae prodirette s cagtraridet edilpse byo the
performance, such as by capacity. The batches are the

taseetednasepr di.rgl,y, smadleas randeseehdivaguesr.der I0f on the
capacity value. The batches are then matched based

OtHREN KARAC! the SHERIASmDYeARH it Dat clwsihydfi s highest

capacity membrane would be used for the top layer.

In certain preferred embodiments of carrying out the
present invention, each batch of membranes produced is
characterized by performance, such as by capacity. The
batches are the sorted accordingly, such as in descending
order of capacity value. The batches are then matched
based upon capacity, such as by pairing batches by first
matching those with the highest capacity to those with the
lowest capacity, then by matching those with the highest
capacity of the available membranes remaining with those
with the lowest capacity of the available membranes
remaining, etc. (i.e., the embodiment of Figure 7). The
higher capacity layer 1is then designed as the upstream

layer to create devices with reduced capaci'ty variability

compared to random layering.
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mat chi ng those with the highest capacity to those wth
the |owest capacity, then by matching those with the
hi ghest capacity of the avail abl e nmenbranes remai ni ng
with those wth the | owest capacity of the avail able
menpanegeviegsi Nirdegh eldre (ithen the enbodispntaDiernative
Figure 7). The higher capacity layer is then designed

me?$olile suRstdgamplayertho fERBLENEEViIeas dMIh Jietiicedinto a
capacity variability conpared to random | ayering. 21

grﬁgﬁﬁde fcﬁﬁgW%%Q.nnigw enﬁgﬁgréa¥ﬁﬁ§rﬁﬁ gg@ éafty. The

ods™ are’possi'bl e’ anes cou pl aced

into a groups of highest, |owest. and a m d-range
COpaR 2 TP C R | GG | S n O on RES T Ghggpup,  the

capacity group, the bottom layer fromthe | owest
bogagaci LR Y§Foup rOfhd tife  JanasthedidRac ey er&rP¥dm t#d  the

m d-range group. The internediate |ayers may be chosen
intemdedipteor ldeermy Weorar rangedmiidd-desoendi agovpder - The

of capacity rating, and paired off as described to
inftlelrheldi attlee 1ayers maguigedchosehheandewilse. or the may be

Al ternatively the md-range group nmay be sub- divided

aﬂr’é‘h%e%lu RrOrunse 01 desseagdings a\é%m%tryatﬂa&r{?qr a®d@CPaired
sub-"‘group. The internedi ate | ayers from second | ayer

o 5‘§Cgi%%cfxri%r@op.‘”céo@j{laiyeﬁnartené hggyglggsef]eiﬁff%&h%or the

escendi'ng capacity rating groups in-order.
de%%%%qlatlﬁi&é§£g£59gl§o %ﬁéeﬁﬁi&f}éééé”'&¥%up may be sub-

divided into sub-groups of descending average rating for
each sub-group. The intermediate layers from second layer
to second from bottom layer are then chosen from the
descending capacity rating groups in order.

A calculation relating to selective ‘layering
combinations was conducted for a three-layer device using
the same population of membranes used for Table 1. Because
there are three layers, the capacity distribution was
divided into three capacity sections {(lower, center, and
upper), with each section containing an equal portion of
the totai population.

In what is designated as embodiment A, the top
(upstream) layer is selected from the middle portion of the

distribution, and the middle layer and bottom (downstream)
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conbi nati ons was conducted for a three-layer device
using the sane popul ati on of menbranes used for Tabl e
1. Because there are three |layers, the capacity
distribution was divided into three capacity sections

| ower, _cent L t h
13 gﬁﬁalnlng a% %&ug%d §$¥é9m¥§ the%%btiﬁ¥popuﬁatlonf the
at is de |gn ted as enbodi ment A_t
(556\34%94%“ tseFLéct T FFET P A d%IF]%O‘gJoIP?ngn gf the
t he dlstrlbutlon and the mddl e |layer _and botto

topdowAsEreadf 521lEg)ers §F@mseF€@teﬁlggﬁaonp9rFF8ﬁ1tﬁg the
rest of the distribution. In what is designated as

dierdradiumemn B, thhe mitdeld d ayeyer s isel sxteet ¢ ofitpRe the upper
m ddl e portion of the distribution, the mddle |ayer

sdcgisel ectfed fheoomdinet tipetriomsectawi ofhé hebottom layer is
di stribution, and the bottomlayer is selected from

seﬁ%%ﬂé&“¥réﬂ“kﬁ% 1bgedi shii Byt o diktidution. In what is
desi gnated as enbodiment C, the top layer is selected

d%s%ynatégeé@pgﬁbggEﬁéﬁe t{ﬁ%dféérﬂg E'O t%gﬁé%{@%efrom

sel ecte rom the upper Sect on 0
di stribution, .and bottoml.a [ | ect.ed,.fro .
CHen QR PRRGLER Ble T STFFBRTPBRLoRn TRg: Tgrld Thyer is
desi gnated as enbodinment D, the to and bottom | ayers

sediested] eETeB dd'PePPRPGUrTETELaMd Othet D ddiSE 11 Rfriqy  and

selected fromthe center portion of the di stri bution.
the bottom layer 1is selected from the lower end of the

distribution. In what is designated as embodiment D, the
top and bottom layers are selected as per Figure 7, and the
middle layer is selected from the center portion of the
distribution.

Table 2 shows the performance variability resulting
from the various embodiments. All of the embodiments are
advaﬁtageous compared to random layering (the existing
state of the art) with respect to either mean capacity,
performance consistency, or both. Embodiment B offers the
lowest capacity variability,. albng with low LRV and
permeability variability, but with the same mean capacity
as random layering. Embodiment D offers the lowest LRV and
permeability variability, and has lower capacity

variability and higher mean capacity than random layering.
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Tabl e 2 shows the performance variability resulting
fromthe various enbodi nents. Al of the enbodi nents
are advantageous conpared to random | ayering (the
existing state of the art) with respect to either nean
capacity, performance consistency, or both. Enbodi nent
EptherersrRemengwes ot ap albe vy beamiradielrirey, denemgiwia pn the
| ow LRV and perneability variability, but with the
vedne ngdRaapachry resnr anckppadilyer i nogmp&nmbddi nent Eepacity
offers the I owest LRV and perneability variability,
candikasnktower capacity variability and higher nmean
capacity than random | ayering. 23 Either enbodi nent B
or D may be preferred depending on the value placed on
mean capacity conpared to capacity consistency. TABLE
2 Layering Capacity Capacity LRV LRV Perneability
Perneability Strategy 'MeaBASRE.2 Mean Std. Mean Std.
Dev. Dev. Dev. Random 600 70 10.5 1.04 13.3 0.80 A

1698 riQglCapalitd |13p3c0:H3 LAY 6O0RY| dékreali04 t13. Bermeability

0.80 C|678 34 10.5 0.63 13.3 0.53 D 678 34 10. % 0.52

stZaBeBy4dicad std. Mean | Std. | Mean Std. Dev.
Dev. Dev.

Random 600 70 10.5 11.04 |13.3 0.80

A 600 19 10.5 ]10.63 |13.3 0.53

B 600 19 10.5 |1.04 |13.3 0.80

C 678 34 10.5 [0.63 [13.3 0.53

D 678 34 10.5 10.52 ]13.3 0.45
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VWhat is clained is: 1. Afiltration device conprising a

housi ng having an inlet and an outlet spaced from said

inlet, and a plurality of nenbranes including at |east

an upstream menbrane and at | east a downstream
Wwhaenbeardaiwker disn each sai d nembrane has substantial | y

the sane rating, and wherein said upstream nenbrane

hes azAirsitpeedeherdaviestt penpoisbnge .chavast eyl $taivding - an

sel ected such that said filtration device has a second

pr edetsg{ydinedndpeid ObARNE. AL eftshi GJRPaidl ess ‘éfnd a
t he perf or mance characteristics of said downstream

nenbr [tr iC l; wh [
sai d per naﬂceggharng%ﬁ% s%%/c ?Sggg‘éé%g{n a& e%S% an
filtratiaon deV| ce claiml, vvhereln sai perforrranc

char adtRFFLRIL | §1 r‘?é’?ol I PP9 £ Thé%AS% r afl onlownstrean

device of claiml1l, wherein said perfor mance

char actei®ane i s waEE®inon. Sach netIdd of FedbEeRg — has

performance variability in a nulti-layered filtration .

devi cesubmiamiiaglly tpst rezme nerdriane, angnd dehsseieansaid

menbrane, conprising: a. selecting a target

per f oripiceehar asdisrstéC has a  first  predetermined
performance - characteristic selected such that said
filtration device has a second predetermined
performance characteristic regardless of the
performance characteristics of said downstream
membrane.

2. The filtration device of claim 1, wherein said
performance characteristic is capacity.

3. The filtration device of claim 1, wherein said
performance characteristic is permeability.

4, The filtration device of c¢laim 1, wherein said
performance characteristic is retention.

5. A method of reducing performance variability in a
multi-layered  filtration device including an
upstream membrane and a downstream membrane,

comprising:

a. selecting a target performance characteristic
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25 value for said device; b. determning the val ues of

the sane performance characteristic as said target
performance characteristic of a plurality of different
menbrane batches; c. selecting as said upstream

menbr afel @ menbr ane  f £6# sai d pl ur alsiety? of di f f erendevice;
nmenbr ane batches having a first performance

char adt er dstecmialig other arggaresd wél Udss camsel petrfognance
as said downstream nmenbrane a nenbrane from said

pl ur aldharaftat fdterent negbr aneaiiit chesard@yi ng performance
second performance characteristic value or range of

val uessnaiesed i s @ bier f PREFOTIBNCEs Gl Act it Sfﬁél%rane

val ue or range of values is higher "~ than said second
perfowquﬁé haracteristic value or range of val ues

and i s sel'ect'ed such that said target performance
characteristic Value is a eved, 6. The t hod of

1l mds | GRAPGE]2hs 88 partigt rHRC b SaRart g #e & jRembrane
capacity. 7. The nethod of claimb5, wherein said

per f orf&ERit e SadRar BELERLIEYC 08 CdLdsTeat BemPranget prches

of claimb5, wherein said performance characteristic is
perrrea‘tfivjirtg/.a first performance characteristic value or

range of values;
d. selecting as said downstream membrane a membrane
from éaid plurality of differen‘t membrane batches
having a second performance characteristic value or
range of values; wherein said first performance
characteristic wvalue or range of wvalues 1is higher
than said second performance characteristic value or
range of wvalues and is selected such that said
target performance characteristic value is achieved.

6. The method of c¢laim 5, wherein said performance
characteristic is capacity.

7. The method of c¢laim 5, wherein said performance
characteristic is retention.

8. The method o¢f c¢laim 5, wherein said performance

characteristic is permeability.
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26 9. The nethod of claimb5, wherein said first

performance characteristic is the highest performance
characteristic of all menbranes within said plurality
of menbrane batches. 10. The nethod of claim9 wherein

spid sgeond, ePﬁBEo”@Ece &1@1@“ gl StGekaihhe d0Mest £1rst

per f or mance aracteristic nEnbrane Mﬁthln said

pluralit of nenbrane batches. The of cl
5, WhEEEES IS i r ot ap]:erFT errr%ﬁsr?cél‘ char: acterl Scis hqngeSt

t he second hi ghest erfornance characteristic of al

menbr &5&< G §HP&a§|tﬁFéP £ &t né ¢ ARETBLTRARS. within
12. The nethod of claim 11, wherein said second

per f orsmec @ lohalddne rd B thenh raneh dafederd | onest

performance characteristic of all nenbrane within said
o altiney ofetbobr anefbatcheise 13, Avhalkeinl ayeatd second
menbrane filter device made fromat |[|east two menbrane

| ayer $o rFirtharyer ShApyEner 8étid east trae Iivder @ anence
| ower "capacity rating, said device having a capacity

great %?f%%%éﬂﬁ% V?réﬁeﬁPi m Hﬁr&ﬁ@a®h%%153@éﬁﬂ5ﬁﬂurallty

t he nmenbranes used to m e device, and |l ess than

or“eaugl 9,812, Nl gapaci 1 nen ane.

11. The method of claim 5, wherein said first
performance characteristic 1is the second highest
performance characteristic of all membranes within
said plurality of membrane batches.

12. The method of «claim 11, wherein said = second
performance characteristic is the second lowest
performance characteristic of all membrane within
said plurality of membrane batches.

13. A multi-layered membrane filter device made from at
least two membrane layers, sald layers having at
leést one higher and one lower capacity- rating, said
device having a capacity gréater than the average of
the capacity ratings of the membranes used to make
the device, and less than or equal to the higher

capacity membrane.
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27 14. A population of nulti-layered nmenbrane filter
devi ces made from at | east two nenbrane | ayers, said
| ayers having at | east one. higher and one | ower
capacity rating, said devices having an popul ation

avprage Cﬁ@?ﬁiltaf igheatef than ttihe Jvelage Rémbhene filter
capacity ratings of the nmenbranes used to nake the

devi c h r.equak <to e R e CAPAES | '
nenbrg%gan%§¥q%??%l??%@i%ﬁ ggéf%etggngkisingkzjhousi%bysald
having an _inlet .and an outl et spaced .f sal.d i t,

and a ﬁ%qﬁ%ﬂi %y%ﬂg'wgﬁbrg ? inéﬁ%d?ﬁéﬁggllgggt ghg Lower
upstream nenbrane and at | east a downstream nenbrane .
wher eiGRRSEEH % air@ thdfhr aifet G sd§é’ll€r€tse§1a‘fjrrb9‘n gn population
popul ati on of nenbranes having a capacity such that

t he capaciades csfpasdity popehaticontlderi idie average of the
di stribution, and wherein said upstream nenbrane has a
capacidapadiapoutttihgsmed athef meabdadiest ridrd i bn, maksl the
said at | east one downstream nmenbrane has a capacity

at eitfigfidde high endsor 4oy engrofeg@dd to the highest

distribution. 16. The filtration device of claim 15,

wher ei ' ' di stribution of said popul ation
st PR

of menbrane ussi an distribution.

15. A filtration device comprising a housing having an
inlet and an outlet spaced from said inlet, and a
plurality of membranes including at least an
upstream membrane and at least a downstream
membrane, wherein each said membrane is selected
from a population of membranes having a capacity
such that the capacities of said population define a
distribution, and wherein said upstream membrane has
a capacity at about the median of said distribution,
and said at least one downstream membrane has a
'capacity at either the high end or low end of said
distribution.

16. The filtration device of claim 15, wherein said
capacity distribution of said population of

membranes is a Gaussian distribution.
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28 17. The device of claim 15, wherein there are at

| east three nenbranes. 18. The device of claim 17,

wherei n the nmenbrane between said upstream and

downst ream nmenbranes has a capacity at either the
'ﬂ.he&%emd%@fcé oyrend Ofy $8i d fiesthbbution 48e Hie least
evicé of claim 15, wherein there are at least four

menbr anes, 20, filtration device conprising a housing
havi nghgnee i%}ﬁméﬁaa{{nédé’an outl et spaced fromsaid inlet,

and a__pluraljty o nbranes i ncluding,at | east_an

ugst r dai% rf%eer]r% eoéncgf%&ml ggst Wg‘eag\%ﬁs%P&arﬁerﬁﬁ%r%%n%?tween

wherein each said nenbrane is selected froma

popul &dish oRPREABRBNeRHAVi AGWASEABAR t yeTRREM ERat DaS 2

the capacities of said popul ation define a

di st ridagd@ity aatl whidheim shed hight revsin aentrleme lhys engl of

capacity at the high end of said distribution, and

sai d &fsieastsonewovsist ream nenbrane has a capacity

at the low end of said distribution. 21. The filtration

quic%r gLat B 20 Wl £h N1821 GheGRRACI tYe £k ShikbWt Oleast

of said popul ation of nenbranes is a Gaussian
di stributian. 1sndhe device of claim20, wherein there
are atgfuerag?e ndd

20. A filtration device comprising a housing having an
inlet and an outlet spaced from said inlet, and a
plurality of membranes including at least an
upstream membrane and at least a downstream
membrane, wherein each said membrane 1is selegted
from a population of membranes having a capacity
such that the capacities of said population define a
distribution, and wherein said upstream membrane has
a capacity at the high end of said distribution, and
said at least one downstream membrane has a capacity
at the low end of said distribution.

21. The filtration device of claim 20, wherein said
capacity distribution of said population  of
membranes is a Gaussian distribution.

22. The device of claim 20, wherein there are at least

three membranes.
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three menbranes. 29 23. The device of claim20, wherein
there are at | east four nenbranes. 24. The filtration
device of. claim 20, wherein said high end of said

e

wherein said %8%/ end of said distribution is at | east
as | ow 8Tt RE™PHERFSEN of said distribution. 26. A

filtration device conprising a housing having an inlet, .
ahfl- anThat Féd tsphden ﬁﬁ&m99an¢qﬂ%%@g2%m %Pgﬁ?h?aﬁﬁ%é high
of menbranes including at |east an upstream nenbrane

and atehéastf sadowistearbuteemhr aneatwhepsitn asadhighj gs the
menbrane is selected froma popul ati on of nmenbranes

havi ngmnad¢apacift yaiguah sthabutthencapaci ti es of said
popul ati on define a distribution, and wherein said

UPSL r eay, MR aNe iRRS gy Lapaskt ¥1hkghen, t Ratetden said low
nmedi an capacity of said distribution by a certain

anount en?S%fSaézgl tdhge?%bueg ndqunsiy eamy gpMRANE,hags the

a capaci ["fower™ t han e medi an capacity of said
di stri buti on b% abo same certain amount. 27. A

t ..said

met hod™6fF&df iﬁaléegflé?'ﬁ&ﬂ?&l N&riability in a

26. A filtration device comprising a housing having an
inlet and an outlet spaced from said inlet, and a
plurality of membranes including at least an
upstream membrane and at least a 'downstream
membrane, wherein each said membrane is selected
from avpopulation of membranes having a capacity
such that the capacities of said population define a
distribution, and wherein said upstream membrane has
a capacity higher than the median capacity of said
distribution by a certain amount, and said at least
one downstream membrane has a capacity lower than
the median capacity of said distribution by about
said same certain amount.

27. A method of reducing performance variability in a

multi-layered filtration device including an

upstream membrane and a downstream membrane,
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multi-layered filtration device including an upstream
menbrane and a downstream nenbrane, 30 conprising: a.

sel ecting a target performance characteristic value

for said device; b. determ ning the values of the sane
performance. characteristic as said target performnce

char act@rystTe " of a plurality of different nmenbrane

bat ches; c._selecting as said upstream nmenbrane a .
mebr e SEISTI ST d Bl UFAREET of S FPERRIE menBraRgteTistic
bat ches having a first performance characteristic ,

val ue ¥#1u@ange of val §ies; d. sel ectiSfgchs said device;
downstream nenbrane a nenbrane fromsaid plurality of

di f f erlent desebmdmé.nigat thes vdlavangod sdvondaper f penfprpance
characteristic value or range of values; wherein said

first gesfacrantecichar agseri ssatdval usaget angepof formance
values is lower than said second performance

characiipfi sti&r vt Y 8F 4 ap0erofi M@l 4eS AntrdSent membrane
sel ected such that said target pertformance

char a egigéép val ue is achieved. 28. The net hod of
. C I . . . .
cl ai m27, erein said performance characteristic is

capacity. : _
P cy selecting as said upstream membrane a membrane

from said plurality of different membrane batches
having a first performance characteristic wvalue or
range of values;
d. selecting as said downstream membrane a membrane
from said plurality of different membrane batches
having a second performance characteristic value or
range of wvalues; wherein said first performance
characteristic value or range of wvalues 1is lower
than said second performance éharacteristic value or
range of values and is selected such that said
target performance characteristic value is achieved.

28. The method of claim 27, wherein said performance
characteristic is capacity.

29, The method of claim 27, wherein said performance

characteristic is retention.
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29. The nethod of claim 27, wherein said perfornance
characteristic is retention. 31 30. The nethod of claim
27, wherein said performance characteristic is
perneability. 32

30. The method of claim 27, wherein said performance

characteristic is permeability.
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