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(57) Abstract: A composite liquid filtration platform including a composite filtration medium featuring an electrospun polymeric
nanofiber layer collected on a porous membrane. When in use, the porous membrane acts as a prefilter used upstream from the poly -
meric nanofiber layer to remove particles from a liquid stream flowing through the composite filtration structure. The nanofiber lay-
er, positioned downstream from the porous membrane, is used as the retentive layer for critical filtration to provide biosafety assur -
ance, and is responsible for capturing microorganisms like bacteria, mycoplasma or viruses. The composite liquid filtration platform
provided herein exhibits permeability advantages over conventional porous membranes or nanofiber mats spun on coarse non-
Wovens.
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NANOFIBER CONTAINING COMPOQSITE STRUCTURES

{001 This application claims the benefil of UG, Provisional Patent Apphogtion

Mo, 81470708, Hed on Aprit 1, 2011, the entive cortents of which arg incorporatad by

DESCRIFTION OF THE INVENTION

Fiakd of the Invention

Fk: }
=
C3
2]
put
]
e

{08 The preseny invention relates genarally to Hguid filtration medis
gmbodimeants, the invention provides g composite Bquid fltration platform and methods

of using and making the sams for the redention of miroorgantams from a filtersd Hguid,
Sackground of the nention

1a03] Syrithelic polymars have been formad into webs of very small diametsy
foers, {Le., diameters on the order of a few microns {pm} or less}, uang varinus
processes such as med blowing, slactrosiatic spinnming and slsctroblowing. Such webs
have bean showa fo be uselul as liquid barrigr maiarials and filfers. Often they are
sombined with stranger substrates to form composiies,
Ry Composite porous structures arg widely used i filtralion and ssparation
applizations. The torm "composite” ay usad heraln, Implies thal a combination of two or
maors membranes of differant pore sizes, pore marphology and/or materials sre usad o
create the final composite porus structura,

005] i1 membrane fllration for example, 8 composde can contain wo of morg

porous lavers having distinglly different pore structures. By combining two o mons
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fayvars of porous matenal having a distinetly different pore structures i & ocomposite
fiitration membrane, signficant gains can be achisvad in Bration efficlency, throughpud,
and mechanical robustness. By way of example, composites can be formead by
subssguent myvering of separately manufactured porous matarisls, casting @ sacond or
mors fayers onde g preformed first layer, laminating two or more praformad layers
together, or by coforming hvo or more layers simullansously, as aught, for sxampls, id
LS. Patent No. 7,220 865 aasigned fo EMD Miliipore Corporation

tHER) Bigpharmaceutical manufacturing is constantly lonking for ways o
sireamiing operations, combing and eliminale steps, and reducea the tima i lakes to
process sach batoh of pharmaceutical drug substances, At the same time, market and
reguistory pressures are driving biopharmaceutical manufaciurars o reducs thel cosis,
Sinog bactena, mycoplasma and virus removal accowy for 8 significant percentage of
the total cost of pharmaceutioal drug substance purification, spproaches that increase a
norcus membrang's filration throughput and reduce pudification processing lime arg
very mush in demand.

I007] With the introduction of new prefilication media and the corvesponding
increases in throughput of bacteria, mycoplasma and virus retentive filters, the filtation

f fead streams is becoming Thoaclimited. Thug, dramatic improvernants in the

permeabilty of bacteds, mycoplasma and virus rstentive Tillers will have g diregt

heneficlal inpact on the cost of 8 bacterig, mycoplasma and virus fillralion siep{s).
{O08] Fiitars used in lquid fitration can generally be categorized as either Sbrous

norwaven media flters or porous film membrane filters,
{00% Porous fim menbrane Hquid filters or other types of filration media can be

used aither unsupportad or it conjunction with a porous substrate or supporl. Povous

Fuk



WO 2012/135679 PCT/US2012/031549

film liquad Bltration membranes, which typically have pore sizes smatler than porous
fibrots nor-wovern mediz, can be usaed
{01y {a) miorofitration (MF), whersin parlicuistes filterad from a liqud are

typically in the range of about (U1 pm to about 10 amy

5

{011} (b ultratiftration (UF), wherein parliculates fltersd from a quid, are
wpinally in the range of ghout 2 nanometars (im) to about 01 umy; and
012 {¢) revarss asmuoms (RO}, whersin particuiate matier filterad from a igud,

are typically in the range of sbout 1 A to about 1 nm

R Retrovirus-retentive membranes are usually considerad {6 be on the open

and of ultrafiftration membranes.

{114} High permsabiiity and high reliabils retention ars twa gsaz'am&iéf‘ss dagied in
& lquid filfration mambrane, There is, howsver, a trade-off betweoen these two
parameters, and for the same type of iqud filtration membrans, greater reteniion can be
achisvad by sacnficing permeability. The inherent Imitations of comaantional processes
for making gudd fitration membranes prevent membranes from sxceeading & cerlan
thrgshold in porosity, and thus Bmits the magriluds of permeability thal can be achisved
at any given pore size.

[a18] Fioraus nor-woven Houid Siiration medy inoluds, bud are not imited 1o,
nonewoven madia formed from spunbonded, sl blown or spuniacad sontinuaus fib
hydroentangiad nonswoven media formed Trom carded staple fibar and the ke, andéor
combinations tharsof, Typically, fbrous non-woven media filfers used in Higuid filfration
have pore sizes generally greater than sbout 1 micron {pm).

1318 Nomn-woven materals are widely used in the manufacture of fillration

Ssnpnd

products. Plealed mambrane carlridges usually ncluds nonavaven malsoss as 8

drainage laver (for example, ses US Patent Nos. 8,074 8808, 5848438, and §883.084,

<
N
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sach gzsigoed {o Pall Corporation; and U Patent No. 8,508,748 assigned o Cune
g, now 3M Purification ng)

RN Non-woven microgoraus materials can also be ussd as a supporting

sorean for an adigoent porous mambrane layer ealed thereon, such as Blomax®
pitrafiftration mambranes by EMD Millipore Corporation, of Billerina, M&

1618} Non-woven microporous materials oan also be ussd as suppoding
skeletons o incraase the strength of a perous membrans located op the nun-wovan
microporous strusturg, such as Milligard™ filters also gvaliable from EMED Millipore
Larporation.

{191 Norewsven rmsroporous malerialz can aise e used Ry “coarsea
orfiitration” to increass the capacity of a porous membrane placed downstream of the
acm-waven ricraporous material, by removing suspended parlicles having diamelers
that are generally greater than about 1 um. The porous membrang usually provides &
ariical hiosafely barier or strunture having 2 well-defined pore size or molscular weight
cut-off. Oritinal filtration is characterized by expacted and validatable assuranos of a
high degres of removal {typically »98.89%, as defined by specified tests) of
microorganisms and viral particles. Gritioa! Bliration is routinely relled upon o enswre
sterility of iquid drug and liguid binpharmaceutical formulations at mullipls

manufacturing stages, as wall as at pout of use.

Srnnr

0201 Melt-blown and spunbonded fibrous media are often referred 10 a8
trachitionad” or “conventional” non-wovens, Fibers in these tradiional non-wovens aes
usually at lsast about 1,000 ryn in diameter, therefore the sffective pos sizes in
traditional non-wovens are graater than shout one micron. The methods ©

manufacturing tradiional non-wovens typically isad to highly inhomopgenenus fiber mals,

{021} Historically, the rardom nature of conventional non-woven mat formation,
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such as by mel-blowing and spurt-bonding, has led to the general a@%‘\éz*;";piz;;zx? nat nons
woven mats an unsultable for any oritioal Slration of Sguid streams, and a8 sueh,
filtration devicss incorporating conventional non-wovans mals rpically use thass matly
far prefiltration purposes only in order fo incraase the capacily of & porous aritioal
fittration membrane placed downgtream of the conventional nor-wovens mats,

1082} Ancther type of non-woven includes electronspun nanchiber nonswoven
rrats, which, ke "“radifional” o "corventional” non-wovens have been ganerally
asswned unsuitable for the oritical filtration of iquid strsams, (See for exampls, Bjorgs
of &l Performancs assessmant of elgctrospun nanafibers for fiter applications

Dlesalingtion, 248, {2008}, 842-848).

{0331 Electrospun polymeric nanoliber mals are highly porous, wharsin the
"pore” size is approximately ingarly proportional to the fiber diameter, and the porosity is

relativaly independent of the fiber dimetsr. The porosity of an electrospun ranaliber
st usually falls in the range of about 85% to B0%, resulting in a nancfiber mat that
demonsirates dramatically improved permeability whan compared o mmersion cast
membranes having a similar tuickness and pore size rating. The porosily advantages of
alectrospun polymeric nanolibsy mals over porous membranas bacomss a:“m*;o«;x i tha
smafier pore size ranges typically required for virus filtration, because of the reduned
porosity of UF membranes discussed supra.

{024} Elsctrospun nanofiber nom-woven mais ars producad by spinning polymer
sotulions or melts using sleclne polential rather than maliblown, wetllaid or axtrusion
manufaciuring precasses used in making conventional or radiional nonwwovens. The
fiber diameters typically obtainad by electrospinning are in the rangs of 10 nm o 1000
rn, ard are one (o three orders of magnituwde smslier than conventionat or tradiional

AUN-WOvans.
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{025] Electrospun nanofiber are formead by pulling a dissolved or molten polymer
material & 1o a fest glectrode and applying an slectninal potential such that the

dissohed or molten polymer material is drawn away from the first electode foward 8
ol sdectrade as a fiber, In the process of manufashiging electospun nanofibher

X

mats, the fiberg are not foreed to lay down Inmals by blown hot aiy or other mechanical
means that can lead o 8 vory road pore size distrbution. Rather, elecirospun
nanofibers form a highly uniform mat because of the mudual slechicat repuision between
the slectrospun nanofibers.

2] W 2008108117, assigned o B L Du FPont De Nemawrs and Comparny,
tsaches using 8 porous nanchiber layer as a depih fillration layer {La., 8 prafifter} foran
adignent porotis membraneg that has a 37 LRY (e, LRV s defined as loganthmic
relention vals where SLRV is squatl to 0.999 fitration efficiency) for a certain particle
size, WO 3008/108117 tsaches that the nanofiber layer has 2 filtration efficiengy rating

of at lsast ¥8% for a particle size al which the membrans is ated with an LRV of 3.7 ¢

ff

groater. WO 2008108117 purports I teach that the role of orifical fillralion is resetved
for the porous membrane, rather than the nanofiber layer.
{0271 WO /1075083, assignad to EMD Milipore Corporation, tsaches
nanofibar mals having & specific thickness and fibey dlamelsy offer an improved
combination of Higuid permeability and microorganist retention. Generally, nanofiber

mats offer 2-10 imes belter permeabilty than thelr porous membrane sounbyparts of

comparable retantion, this is thought 1o be a conseguance of the nanofiber mats having

a higher porasity (~80% vs. 70-80% for a typical wet cagting porous membrana}.

gy,

2 Electrospun nanofiber matls can be manufactired by depositing fibers an a
convantional spun-bondead norswoven fabric {examples of a face o face intarface of &

non-woven and & nancfiber laver are taught in WO 2008/010020 assigoad to Bimargo
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5,00 and w1 US Patent Application Publication No. 0088188717 assigned o Clarcor
inc., each moorporated havein by reference i their entirelyl. I sach of thase
approaches, the roughnese of the swlace of the supporting non-woven fabiio may
propagate info the nanofiher layer causing potential non-undformity of the nanofibar
structura, thereby potentially compromising relention characteristica.

{24 UG, Patent No. 7,585 437 ssued 1o Jirsak &f al. teaches g nozzie-fres
rmathod for producing nanofibers from & polymer solution using slactrostalic spinning

and a device for ¢arrying out the method,

{034 WO 2003/080805 assigned i Nano Techimiss Co. LTDL, incorporated
herei by reference in iis entirely, teaches an slectroblowing process, wherein & stream

of polymeric solution comprising a polymer and a sohaent is fed from a storage lank o a

series of spinning nozzies within a spinnaret, to which a high vollage is applied and

through which the polymeric solision is discharged. Compressad air, which may
optinnally be healed, is released from air nozzles disposed i3 the sdes of, or atthe

periphery of, the spinning nosele. The compressed alr g directed generally downward
a blowing gas stream ernvelopes and forwards the newly ssued polymeric solution
thereby siding in the formatian of a nancfibrous web, which s collected on & groundsd
voraus collection bell located above a vaguum chambsy
a3 U5 Patent Application Publication No. 2004/0038014 o Schasfer et al,
tsaches g nonwoven filiration mat comprising one or more layers of & thiok collectian of
fine polyrneric microfibers and nanofibers formead by electrostatio spinning for filtering

contaminanis.

{0321 L8 Patent Application Publication No. SO0S/0188717 to Oresh teachas a
msthod of forming slectrospun fiber layers on a substrate layer, the slecrospun Hibars a

significant amount of fibers with a dismeter of inss than 100 nanamesters (hmy,

v
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{a33} Blorge ef 8, in Dosalination 249 (2008] 842-048, teach alectrospun Nylon

nanofibsr mats having a nancliber diamatar of about 8O nm fo 100 iy, and & thickness

of about 120 pm. The measured bactena LRV for nen-surfacs trested fibers is 18832,
Bicrge et &l purportadly conslude that bacleria removal efficlency of nanofibery
sisclrospun Mmatk i unsatiafaciony.

{034} Gopal st &, In Jourmnal of Membrane Scenee 388 2007) 310-218, teach

alectrospun polvathersuifons nanofiber mals, whereln the nanofibers have g diameter of
ahout 470 nm. During fiquid filtration, the nanofiber mats acl 8s 2 soreen to filer out
particles above 1 um, and as a depth filler {e.g., prefiter) ky partickss undsy 1 micron,

{G35] Aussawasathien ef al, inJouwnal of Membrang Sclance, 315 (2008} 11~
18, teach slectrospun nanciibers having a diameter of about 30 nm o 110 nm used in
the removal of polysiyrene particles having a diameter of aboud 0.5 pm to 10 pm,

S S

103G WO SR1H/120088 to Ohol et &l teach a nanoliber layer having & 0.2 ym

ey

rating combined with a much tighter ultra-high molecular weight (UPE} membrane {84,
having about a Snm rating), purporedly resulling in improved retention of polystyrane
particles in the presencs of surfaciantz. in sach of the examples provided, the
membranss have higher retention compared ko the nanofibar laver alone. i appsars that
the addition of the nanefiber layer 1o the mambrane doas not resul in g m sasurable
increase of combinad bubbis point and lsads o an incramerdal ingcrease in rﬁ“te:** o6
comparsed {o the membrane dself. As discussed supra, nanohber mat teachings
purporiedly teach using nanofiber mats as a prafiter, and use the porous mambranas {o
grovide oritical filtration and retention assurance properties.

{3371 However, nong of the nancfibar mat teachings discussed supra teach
using 8 nanofiber mal Remed on 8 porous membrane suppo, whersin retention

assurance and critical fillration propertiss arg provided by the nanoliber mat, notthe
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porous membraneg; and the prafilter propertiss are supplied by the porous mambrans
support, not the nanofiber mat.
8] What is nesded i o porous slactrospun nanafiber composite filtration

madium that would be readily scalable, adaptable to processing volumes of sample

w‘

fluids ranging from milfiiters to thousands of lers, and capable of use with a variely of
fittration processas and devices such that the slectrospun nanofiber layer provides
refention assurancs and oritical filtration properties, and the porous support the

nanofiber laysr is formad on provides prefiltration properties. The invention ik dirscted to

thase, as wall as other objectives and embodiments.

SUMMARY OF THE INVENTION

EEit) The praesant invention addresses, amang ather things, the non-uniformity
and capacily deliciencies ofian associsted with composite nor-wovens Sguid filration

struniures. The new composite figuid fltration platforms taught herein include por
somposis Hitration structures having a8 polymadic nanciiber layer collected on 8 porous
membrang, such that when the composite filtration shructures are used to filter a hquid or
Hquid streamms the porous mambrang is siuated upstream of the palymeric nanofiber
faver. Although the porous membrane acls as a subsirate for capluring nanofibers in the
raduction of the composits fillration structures, the porous membrane is also the
prefifter used upstream from the polymesic nanofiber laver (o remove particles from 3
Hquid stream flowing through the composite filtration strusture. That ls, the n ?snnf:“;

faver is positionad downstrear fram the porous mambrang, and is used as the retentive
taver for oritical filtration to provide blosafely assurancs, and I3 responsible fue captuning
microorganiams ke bacteria, mysoplasma of virusss, Having the porous mambrang

side of the compaosits fration structure as the prefiter frather than the nanohiber laysy
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which herelolore was previously used as the prefilten and the thin, unform and small
pore size nanciiber layer used as the retentive bicsafely assurance layer, the liguid
filtralion platform taught harein exhubils permeabiily advantagss over conventionat

porous membrgnes o nanotiber mals spuUn oN COBISS NOMT-WOVENE.

tores

{40] In cadtain embodimants, the nvention provides a porous composite media
inoluding a porous membrang snd 3 porous polpmeric nanofiber aysy located on the
marnbrang, wherein the pore size of the nanofiber laver is smaller than the pore size of
the membranag

411 I othey embodiments, the nvention provides porous composile medis

\

fchiding a porous membrane and a porous polymenic ranofiber yer located on the
membrane having & bubble point as measurad with a sultable fluld of af least 20%

greater than the bubbds point of the mambrans along,

10421 In cariain embodimants, the swvention provides & porous composie media
inchuding 8 porous mambransg and 8 porcus polymarnic nanoliber layer hestad on the

membrans, wherein the maembrane 18 asymmetric and ncludes 3 tight sids,

{G43] In other smbodiments, the invsnlion provides 3 porous comyg

BM

‘iea

'.//

netuding 8 porous mambrane and a porous polvimanic nanofiber layer located on the

memhsana wherein the nancfiber layer i symmelric.

iG44] In still other embodiments, the srwvention provides & porous EmRes
medis noluding & porpus meambrans and 3 porous polymeres nanofiber layer ecated on

the membrane, wherein the nanohiber lgyer  an eleclrospun mat.

10451 In other embodimenis, the invention provides a porous composits media

inciuding 8 poroug membransg and 3 poraus polymeric nanoliber layer loea t@:j o the

1G
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membrans, wharein the nancliber laver compises a bland of polymerg, copolymars,
arxt muxtures thereof.
{0481 In ancther smbodiment, the invenlion provides a8 porus compasits media

ncluding 2 porous membrans and & porsus polymeric nanofiber laver ocatad on the

mambrans, whergln the nanofiber layer comprises an aliphatic polyamids.
{471 in another embodiment, the wertion provides a composite quid Sttralic

madium structurs having a porous membrane prefilter and a cotical Bilration porous
nanohibar retentive faysr collectsd on the membrane. The thickness of the porous
rranofiber laver rangss from about 1 wm io about 500 pm. The effective pore sive of the
porsus nanchiber layer is generslly defined by the fiber digmeter, which 18 chossn basad
on the deshed miorporganism or particle to be retained. The effective pore ma:ti' of the
porous nanofiber layer, as measuwrad by bubble puint lest provided infra, ranges from
about 005 um for retrovirug removal o shout 0.5 um for hacleris removal.

13481 In another embodiment, the nention provides a composite liquad filiration
platform including an electrospun porous nanofiber layer having thokness ranging fram

abouttl um {o abouwt 500 pm.

048] in further embodiments, the inention provides a composite luid filraton
platfonm ncluding a porous siactrospun nanahiber layer having thicknsss ranging from

about 20 um o about 300 um.

{60 in still other embodiments, the ivention provides a camposits lguid
fitration platform inpluding & porous electrospun nanafiber fayer having thicknass
ranging from about 50 pra to 00 um,

051 Iy ancther embodiment, the invention provides porous composiie media
for lpuid fltration incheding & porous asyrmettic membrans having g Hght side, an ops

v

side and 3 pore size Inwredsing it size belween the tght side and open side, and 8
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porous polymernic nanofiber lver locgiad on the Hight side, whersin the pore size an the
Hight side of the membrane is larger than pors size of the polymene nanofibey laysy.

[O52] In certgin snbodimsnts, the rwention provides 2 composite fillration
device for use iy gritical liguid Hltretion including a prefiller having 8 porous asymmatng
rrembrang having a tight side, an open side and a pore size inoreasing it size babweean
the tight side ared open side, and 3 retentive filter having a8 porous polymeria nanaliber
layer located on the fight side of the asymmetre membvans, wherein the f@@ft} Size O
the tight side of the asymmstric membrans is larger than pore size of the polymaric
nanofiber laver,

{053} in ancther embodiment, the present irvention is dirscted {0 a prooess of
forming 8 porous composits liquia Ritration platform from one of Morg poreus
slectrospun polymerio nanolibers fonmed from 3 polymer solution using an
alectrospinning apparatus, and subjecting the solution to an sleclric polential greater
than about 10 kY, and collecting the slectrospun polymer fiber{s) on a porous supporting
membrang having 8 smoeth surface. The smooth surface struclire of the supporting
mambrane results in a smooth and a uniform porous nanofibsr mat {uniike a nancliber
mat formed on a norwoven collecting support have a cparse support surface). Smosth
and urdform porous nancfiber mats typically have greater retention, L8, porous
nanciiber mats having the same thickness and permeabilily would have grealer particle
removal praperties when producad on a smioother membrane swrfacs than on a coarse

an-woven. Alfernatively, porous nanofiber mats of similar retention would be thinner
and more parmeabls § produced on a smooth membrang.

184} in coartain other ambodimants, the invention provides 8 poOrous somposits

tiquitd fittration device including a porous composits liquid firation platform having a

Py
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fopaid filtration composite medium fealuring an slectrospun polymeric poraus nanafibar
retenthve blosalely assurance laver disposed on a porous mambrane substrals prefiten
1055 in st another ambodiment the rvantion provides a Hgud ftration

platfony baving a porous composite medium including a oritinal blosafety porous

nanciiber layer oollected on 3 porcus prafiller mambrane, The composils liquid Tltration
oiatform is used o Alter a bquid stream and captire, among othar substanoss,

microciganisms ke baclena, mycoplasma of viruses that may be prasent iy the ligusl.
Thes quid filtration platform accomplishes this by having the Hguid stream first enocounter
the porpus prefiter membrane componant on the porous composite medium fullowead by
ancourtaning the retentive nanofiver laver for oritical fitration by capling
MHCTOOTGANISIIE, mycopiasmea or vivuses downstraam from the prefifter layer

1088] Additional festures and advantages of the invention will b set forth in the
detalind description and olaims, which follow. Many modifications and variations of this
rvarntion can be made without departing from its spird and soope, as will ba apparent to
those skilled in the arl. s to be understood that the foregoing gensral desaription and
the following delatled desaription, the olalms, as well as the appanded drawings arg
axemplary and sxplanatory ondy, and are interdsd to provide an axplanation of various
smbodiments of the present teachings. The specific embodiments desoribsd harein are

offerad by way of sxample only and are not meaart 1o be Emiting n any way.

XXy
13
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BRIEF DESCRIPTION OF THE DRAWINGS
571 The accompanying drawings, which ars ingomparated i and constitute

part of this specification, Hustrate the presently cortemplaled embodiments of the

vention and, {ogather with the description, serve to sxplain the principles of the

nwention.
Q58] Figurs 1 is a schamatio of the process of glectrospinning a nanofiber onto

a moving weab acoording 1o ong embodimant of the vention
[RSH Figure 2 shows an olectron micrograph of & composite fiquid Byation
platform acconding to an smbadiment of this invertion festuring & porous composite
filtration struchure having a polymeric nanoefiber laver collectad on 8 porous membrane.
os Figure 3 deplols 8 comparison of IPA bubble points of a composite Nquid
fitration platform accoding to an ambodiment of this Invention featuring a porous

composits fillration structure having 3 polymernin nanudiber laver collectad on & porcus

membrang, and a comparative example of a nanciiber mat deposited on 8 coase non-

woven for the same spin imes {and therefore same thickness of nanofiber mat).
{081} Figure 4 depiots a cormparnison of water permeability for nanofibers with

Lo

similar mycoplasma refertion (> 8 LRV a comparative example of a nanofibar mat
SERF G 3 COarae normwoven and 3 composite Hiquid fitration platform acoording o an
ambodirmearnt of this invention fealuning & porous composite fillration structurs having a

polymaerie nanofiber layver collected on a8 porous memiirane,

1082] Figure 5 demaonstrataes the correlation betweesrt spin time, bubble paing,

,,,,

ared mycoplasma retention of a composite linuid filtration platform according © an

smbodiment of this invention featuring a porgus composis fifration struciure having 8
polymeric nanafiber mal spun on & micrepomus asymmatric 848 gm rated membyane.

&

N

Figure € depicts a comparison of water fluges iy nanofibers with similar B
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dirmninuta retention (> @ LRVY a comparative axample of a nanofiber mat spun an ooarss
non-wovan and a composite liquid fitration plafform ancarding o an embodimeant of this

reention featwing 8 porous composits filtration struclre having a polymeanio nanoliber
layer collectad on 3 porous mambrane.

{084} Figure 7 dapicts a comparison of water fuxes for nanolibers with similar
ratrovirus retention (= § LRV 8 comparative axample of a nanocliber mat spun on
coarse non-woven ard a composite liquid filiration platform acoording {0 an embadimerd
of this invention fealiring 2 porcus composite filtration struclure having a poiymeric
nanofiber layer collected on a purous memiane,

{0851 gure B depicts filtration capacity comparnsons of & composile Hguld
fitration platform accerding o an gmbodiment of this invantion featuring & porous
composite fillration structure having a polymeric nancliber layer collected on a porous
membrana va. 3 comparative example of & nanofiber mat spun on coarse non-woven of

same nanciber digmeter and similar refention for mycoplasma > 8 LRV

DESCRIPTION OF THE EMBODIMENTS

G5 All puldications, patents and patent applications ciled harsin, whethay
SUPra or S‘nfrs-xs arg hershy incorporated by reference in thelr antirety 1o the sams exdent
as i sach individual publication, patent or patent application was spealfically and
individually indicated o be noorporated by reference.

{0873 Before descrthing the present invention in further detall, & number ofterms
will be defined. Use of these fanms does not Bmit the scope of the invention but anly
sarve o faciitate the description of the invention

asgy As used hersdn, the singular forms 8", “an”, and “the” include plural

refarands unlsss the context cigarly dictates ofherwise
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con b

tH N For the purposes of this specification and appendad claims, 8l numeris
valties exprassing quantities of ingrediants, percantages or proportions of materials,
reaction conditions, aryd other numarnical values used i the specfication and olatns, arg
o be understond as being madified in all insfances by the term “about”, whether o not
the term “showt” i expressly indioated

07y Acoordingly, unless indicated to the contrary, the numernical parameisrs
st forth in the following speaification and alfached claims are approximations.
Notwithstanding that the numernical ranges and parameters setting forth the broad soops
of the invention are apgroximations, the numerical values st forth in tha spedific
gxamplss are reporied as precisely as possible. Morsover, all ranges disclosed herain
are o be understood o encompass all subranges subsumed thersin, For sxample, a

range of *1 1o 10" includes any and aff subranges betwesn {and inchuiding) the minimum

Py

value of 1 and the maximur value of 10, that i, any and all subrangss having 8

al o or less

mintmum value of equal to or greater than 1 and & madmum value of squal
than 10, e.g., & 50 10
1071 As used hereln, ‘mambranes” are defined ag porous bicontinuous

structures, most commonty prepared by casting & polymer dispersion or solution inlo 8
desired shaps, whare the porous structure is formed by the 30 called “phase iwversion”
process. Thoss skilled in the art will readily recognize that phase version can be
ancomplished, for sxample, by inducing polymer precipifalicn in conlact with gas phags

Bouid phase, or by temperature. Nonlimiting examples of the desired shapes of the

membrang nchude hollow fibsr, figl shest, or other giticles. Fibrous malernialg, such as

woven and nor-woven fabrics or mats, ususily have 8 discontinusus solid phass, which
is formed by individual fibers entangled together. Fibrous materals are genarally nat

classifisd as membranss
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>

{473 As used herein, “asymmetric membranes” are characterized by having the
pore size of the mermbrane vary as & funchon of calion within the thicknsss of the
mambrang, Tha most common asymmelric membrang haz a gradiand structurg, in which
pore size gradually and continually increases from one surface {often referred o as the

“tight” side) e the other {(often referred (o as the "open” side). Asyhumetric mambranes

3

generally have g higher fux than symmetric membranes of comparable thickness and
retention. When usad in the sonfiguration with thair lavger pore side upstreah,

gaymimeine membranes have greater throughput in many cases as compared o the

el

comparable symmetnic membranes. See, forexample U8 Pall No 4,361,834, ssued
e BB de Winter, on Ape. 14,1881 Asvimmaetric membranes have a thick, dense
surface ragion, O I Many ¢ kin formead on one suface and extending somewhat

o its depth, &g a tight surface. Bee, US Pat. No. 4,688 583, ssued o W, Wrasidio,

73 The tarm “calendering” refars 1o a process of passing 8 web Blrough a nip
betwaen two rolis. The rolls may be o contact with each uthey, or there may e g fiked
aF variabis gap between the rolf swrfaces.

1074} The {erms "ilter medium”, “filter madia”, "fillration media”, or “iration
madium” rafer 1o a matecal, or oollection of material, through which a fluid carrying a
rrHoreorganisim contaminant passes, whereln microorganism is deposited in or onthe
matadist or collection of matenal,

78 The erms “Hux” and "flow rale® are used interchangeabiy o refer o
378 Thet fi 3 i it g int ngaably to refer {o the

rate at which a volumae of Huid passes through a filtration madium of a given ‘area.

L,;

{078} Tha Y inanofiber” rafars o fibars having diameters or ¢ cross-sactions

generaily less than about 1 wm, typically varying from about 20 nm o about 80U nmy
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javdy The terms “optional’ or "optionally” mean that the subsequently desoribed
avent or circumsiance may or may not ooour, and that the description includes instances
whg&s’e the event ocowrs and nistances whare o doas nol

1378 The composite Hguid Siration platforms of the present invention include,
for example, 8 composite liguid fitration medium featuning & porous slsctraspun
nanofiber liquid Hltration layer deposited on & porous membrans substrate, The
alectrospun nanofibers preferably have an average fibsr diameter of shout 10 nmte
ashout 150 nm, a mesn pore size ranging from about 5.08 gm o abowd 1 um, 8 porostly
ranging from abowt 8% o about 88%, & thickness ranging from about 1 um to shout
100 pm, preferably from about 1 187 and abiout 50 ym, more preferably bebweaern 1 um
and 20 wr. The composite liquid fltration platforms taught harein have 3 walyy
permeability greatsr than about 100 LMH/psi.

{075 ire addition, the composits liquid fillration platforms tsught harein have g

high retertion of microorganisms providing at least 3 LRV retrovirus removal and at
faast & LRV of bacteds and mycoplasma, and prefersbly at loast § LRV of ratravirus
remaval and 3! least 8 LRV of bacleria and mycoplasms.

s The slectrospun nancofiberg ara preparad from a broad tange of polymers
and polymer compounds, holuding thermopiastic and thermosstiing polymers. Suitable
polymers include, but are not Bimited to, nvlon, polyimide, aliphatic polyamide, aromatic
polyarride, polysulfone, cellulose, cellidose acstate, polyether sulfone, polytrethang,
polyiurea wethane), polvbenzirmidazols (FBY, polvetherimide, polvacrylonitiles (FAN),
polylathviene tersphthaialel, polypropylens, polvaniing, polyfethylane oxidel,
poly{ethvisne naphihaiate), polylbutylene terephthalate), styrene buladisns rubber,

polystyrana, polyivingt chiforide), polyiving alcohol), poly{vinylidens flunride), poly{ving

i
fe2s
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butylene}, polvmethyimathacrviate (PMMA), copolymers, derivative compounds and

baruds gndior combinations thersof.
081 The term "pore size” o "effective pore se’, as usad nferchanygsably

harein, 1s @ maasure of the porous structure that & pradictive of s ability 1 retain
particies of g cerfain size. The sffective pore size of a membrane or slectrospun mal oan
he measured using conventions! fechniques such as bubbils point, liquid-iguid

porometry, and challenge test with particles of 3 certain size, While severat mathods can

:2.

te used 0 defermine ths pore size ach can praduce a slightly different
measurement, the sams measurament mathod s used hersin whan a companison is
made betwaen gore sizes of different structires, for example botween a mambrane and

an slectrospun mat,

DESCRIPTION OF THE EMBODIMENTS

10821 Fig. 1 schematically depicts one ambaodiment of the present vention
vherein the composite liquid fillration platform indudes a composite liguid filtvation

madium having an electrospun porous nanofiber mat 80 made from 3 single slectraspun
colymeric nanefiber. The single nancliber is made by a single pass of & moving
coflection apparatus 30 positioned between g charged rataling drum 20 and a oolienting
glectrade 35 through the elscospinning process. i will be appreciated that & nanofib
web or mat can be formad by one or more spinning drms 20 running simuliansousty
above the same moving oollection apparatus 30

{831 i1 Fig. 1, the moving collection apparatus 30 i preferably & maoving
acliection ball posttionad within an electrostatic fleld 50 betwaen the spinning charged

sotating drum 20 and the electrode 35, The polyrner solition 10 can be subjected 1o an
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stachical poterdial from a high vollage source 40, such that an gigctrospun polymer fibey
1 producad in the sleatric fleld 50
84 in other ambodiments taught herain, the slectrospun fibrous mat 60 s
formed by depositing slectraspun nancliberis) from g nylan solution. The resudling
nanafiber mat preferably has a basis weight betwesn about 1 gin® and about 30 gim®,
as measured on g dry basis, {{e., after the residus! sohvent has svaporatad oy bean

ramswven

P
s

fash ir1 other embodimants taught hereln, the composite liquid ftration platform

Pl

includes a vanety of porous single or multilayered membrane subsirates or supports thal
can be arrangsd on g moving collection ball fo collsct and combine with electrospun
nangiibar(s) forming an slectrospun nanofiber mat thers

{86} Non-imiting examples of single or multiayersd porous substrates or
supports include porous filey mambranss, Purous fil membranes ave produced fom a
variety of thermoplastic polymers, rcluding polyamides, polysuifones, polyvinylidens
fluoride, polvietrafiucrosthyiens, cellulose, callulose extars, polyatryionitiile, st
Methods of producing porous fiim membranes include solution phase inversion,
temperature-nduced phase separation (TIPS}, vaporinducad phase separation (VIRG),

solvert and chemical siohing, room empsrature and hoat-aasisted haxial stretohing,

and combinations thereof.

{0871 The surface roughness of the porous membrane substrate of the
gomposite fitration medium that captures or collaats the electrospun nanofibers was

obsanved 1o at least partially daterming the properties in the resuiting nanofiber layer of
the final composite Hitration structurs. For sxample, we have observed that the
smonther tha surface of the substrate used o oollent the slectrospun nanehibers, the

more wiform the resulling nanofiber laver structure. Imprints of patterns on the swface
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of a noarse spun-hondad nonwoven substrale used o collent the elentrospun nanaliber

layer were obsarved o diveclly ransfer onto the resulling slectrospun ﬁaacsij;:zy'@s‘ layey
collacted therson. Moweaver, such paltem imprints wers not ssan whan an slechrospun

nanotiber layer was collected on 8 porous mambrane substrate having a smooth

surface. Electrospun nanchiber avers collected on the smooth surface of the porous

mambranea resuiied in & Tealursisss” nanoliber layer formsd thereon
OR8] in cerlain smbodimants of the composie Hguid filtration platform faught

hergin, an slectrospun nancliber laver s bonded v a porous mambrane subsirate or
support. Bonding may be accomplished by methods wall known in the &, including but
it imited to thermal calendering bohvean heated smooth nip rolls, ulirasonic bonding,
angd through gas bonding. Bonding the electrospun nanolibey layer o the mambrang
support creasas the strength of the composite, and the compression resistance of the
composite, such that the resulting composite Sltration medium & napable of withslanding

forces associated with forming the composita filtration platform inlo usefyd filter shapes

and sizes, or when insigiiing the composite fitration platform info a fltration device.
184 in other embodiments of the composite liquid Sltration platform faught

harsin, the physical properties of the porous slectrospun nanofiber layer such as
thickness, density, and the size and shape of the pores may be affectad depending on
the bonding methods used betwesen the nannfiber layer and the mambrane suppot. Foy
mistance, thermal calendanng can be used o reduce the thinkness and increase the
density and reduce the porosity of the electrospun nanofiber laver, and reduce the size
of the pores. This in turn decreases the flow rate through the compaosibs filration

medium at a given applied diferential pressure,
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o] frr genaral, ultrasonic bording will bond to @ smatller area of the
slectrospun nanctiber ayer than theemal calendaring, and therelore has a lesser effedt

an thicknass, density and pore size slectrospun nanofiber laver.
jo81 Hot gas or hot air bonding generally has minimal effect on the thickness,
dansity and pore size of the slectraspun nancfiber layer, thereforg this bonding method
may be preferable it applications in which maintaining higher fluid How rate is desied.
082 When thermal calendering is used, ca® must ba aken not o over-bond
the alactrospun nanofiver laver, such that the nanofibers mell and no longer retain thel
structhure as individual fbers. In the extreme, aver-bonding will result in the nanofibers

melting compiately such that 2 film s formed. One or both of the nip molls used s haateg

{'\.-*\

fo o temperature of between about ambilent temperature, &.¢., abot 25°C andd abowt

e..-

3Q0°C. The porous nancliber madium andfor porpus support or subsirats, can be

3

compressed between the nip rmlls at 3 pressure ranging from about § éin to about 1040
i {178 kgfomh
1083 Calendering conditions, 8.g., roll temperature, nip pressurs and ling

spead, can be adiusiad to achisve the desived solidity. In general application of higher

temperaturs, pressure, andior residence time under slovaled temperaturs amifer

pressurs resulls it increasad solidity.
j0%4] Other machanical staps, such as strefching, cooling, haaling, sinlering,

annealing, resling, unresling, and the fike, may optionally be included in the owmh

process of forming, shaping and making the composite fillration madium as Hewired.
{005} The porosity of the composite Btration medium faught hersin can be

modified as g result of calendanng, whersin the porosity ranges from about &% to abowt

)
GO
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{08 in oerain eambodimants of the composite hguid filtration platform faught

herein, the porous mambrans suppot! substrale (e, used o oolledt the sleclrospun

ranofiber lgyvern) includes st least on layer of & porous membrane adjacent another
fwyer of a porgus membrane. For example, lavering of the porous mambrane subsirale
improves particls retention. Layering porous membrang substrates of the same o
different composition s also used o improve the composite fittration medium
throughput,

87 {ther considerations for choosing a mulli-laysred porous membrane
subhstrate i the composite liguid fillration platform inchgle exonomics angd converience
of the camposite quid fitration media, the processes ussd W manufacture the fiquid
filtration davice where the composite Hiquid filtration madia may be sialied, ease of
sterflization and validation. The porous membrane substrates usad (o collect the
slectrospun nancliber tayer(s) can be a single-layer or in a multi-ayer configuration

wharein the preferred number of fayers thal make up the porous mambrane substrate &

often selected based on practical consideratic
108g] Additionally, the benalils of the compaosits lquid filtration platform as

taught herain were ohserved W0 be more pronounced at lowsr nanofiber mat
thicknessas, and therefore shorter spin imes. These benefds can also be ulizsd on 8
maoving wab that will directly ransiate into faster production ing speeds. By spinning the
nanofiber layer on a smoother support swface, the same bubble point was observed o

ba achigvad butl at a lower nanofiber layer thickness. These advantagss resull in bolh
aconamic benefits from faster production rate, and in greater parmeability of & thinner
nanofiter layer.

[0 in othar embaodiments taught hereln, the composite liguid # tration platform

inchudes:
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IGO0 1) s porous membrane support which does nol demonstrale fll relentio
of & retrovirus in a single layer, such as

{01011 i the 0.1 pm rated Milipore Bxpress® mambrans available from EMD
KMillipore Corporation, Billarina, MA,

02 i} the Retropore™ membrane avaiiable from EMD Millipore

Corporation, Billerica, MA, or

{6103} § the .48 pm rated nylon membrane or .80 gm raled nylon
membrans by Membrana GmbH Wuppsrtal, Germany, and
0104 3 a polymerie slecirespun nancfiber laver, deposited on the porous

mambrane support, and having a thickness less than is used o achiave full retrovirus
rstention af higher permeabifity, Slration capacty {due to porous mambrane prafitralion}
and lower nanofiber production cost (due v the ow nanotiber layer thickness).

[G105] o order b improve the theoughput of glectrospun nanofiber non-woven
miats, electrospun nanofibers are produced by collecting the nanofibers on the tght side
of an asymmetiic porous support mambrane. The fnal structuve of the composite ligud
filtration platform includes 8 composite filtration mesditm constructed such that the
DOTOUS support msmbrans has biggsrp irt i3 tghtest portion as compayed 1o the
nors size of the slectrospun nanchiber layer, so that the porous support mambrane
serves as a prefilter and is located upstraam of the slectrospun nanohiber layer. In this
arrangement of the compuosile Mitration platform, the asymimetrio poraus support
mambrana of the composite fitration medium provides the prafiliration capabilities, and
tha slectrospun ranofiber layer provides the majority of the microurganism retention.

[OI08] Two nonddimiting examples of the composite Rguid Hitration platform ught
herein include 1) a composite Sifration sfructure or medium fesluning 8 myneplasma-

rtarndive nanofiber mat (§.1 prrerated) deposited on 3 0.5 wm raled pradillsy porous

%
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membrane suppor, such as Millipore Exgxe%& {}*af ey membraneg by EMD Mitlipors
Corporation, Billerca, MA, and 2) & ratrovirus remuoval nanofiber mat {pore size <01
ey deposited on a 0.1 pm rated porous membrane support, such as Millipore Bxpress®™
SHE membrane by EMD Milipere Corparation, Billering, MA,

G167 Nrale the compostts ligusd Bilration platform featuring s prefilfralion porous
aupport membrang and & nicroorganism retentive nanofiber laver exhibits compiata
retention of microorgamsms provided thereon, neither the porous support membrang
niod the nanofiber eorviponant of this composite are required o demonstvale complele
microorganism retantion when tested alone. By way of g non-imiting examph,
partially bacterial ratentive nanoliber layar s spun on a partially baclerial retentive
prefiter porous meambrane suppor! having 2 0.5 pm rating, such as Millipore ik;“i’PS“:
SHUC filter, by EMD Millipore Corporation, Billerica, MA

O8] Frocess for producing slectrospun nanafibers

{0108 The processes for making the slectrospun nanofiber layers ars taught, for
axamplia in WO 005024101, WG 2008/131081, and WO 20081108803, sach
incarporatad harein by refersnce in thair entively, and each assigned to Bimarcs s.0.0.,
of Libereg, Czenh Republic

G110 WO 2005/024 101, titled “A Method Of Nanolibres Fraduction From
Folymer Solution Using a Electrosiatic Spinning And A Device For Carrying Out The
Mathod®, teaches, for example, producing nanoliber a polymer solution insile &
vacuum chamber using electrostatic spinning i an sleclric finld craated batwean a
retating charged slecirode and a counter slectrode having a differsnt potential,

111 The polymes solution s held in a container having al least one polymar
salution injet and outlet. Tha inled and outlet serve o drculate the polymear solution and

maintain the polymgr solution at a sonstant height leve! in the container.

.,
a5y
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{0113 An auxliary drving sv supply, which san ba heated i nesded, & located
between the charged slectreds and the counter electrade. One side of the rotaling
charged electrode i immersed iy the polymer solulion such that a portion of the solution
s takern up by the outer surface of the rolaling charged stechrods, and spurnt info the
region of the vacuum chamber batwsen rotaling the charged glectrode and the counter

algctrode where the lectiie field is formed, There the polymear solution forms Taylor
aones having a high stability on the surfass of the rolating charged slectrode which
pragents ncations for primary Remation of the nanofibers

RT3 Ths counter elecirads has a gvlindrical surface made of s parforatad
aonducting maternial that forms one end of & vacuum chambear connectad o a vasiium
sourns. Part of the swrface of the counter slectrode looated near the rolating chargsd
gleptrode, serves as 8 conveyor surface for a backing fabric matenal which supponts the
slectrospun nanofibers whan depostiad thergon. The backing fabric support matanal i
nozitionad on an unresling device arrangad on gng side of the vacuum chamber and on
a recling devios arrangsd on the other side of the vasuum chamber,

0114 The efects of the electr fisld cause the formed nanefibars to dnft away
o the counter slectrods, and are conssguently deposited on the surface of se banking
fabric supporting mataral into 8 nanofiber layer. The thickness of the nanoliber is
pontrofled using the velooty of the unmseling and the resling devicss.

1181 The diift of the nanofibars away of the charged slectrode o the countar
glectrode is pramotad by streaming of air suckied into the vaocuum chamber and passing

atong the palymer solution container and the charged slectrode and paseing through the

g plane supporiig materis! of the nanofibers and the oourder

by

backing fabaic presant
gisotrods,

0118]  Test Methods

g
L83
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(G117 Basis weight was determingd according (o ASTM procedurs 3778,
“Gtandard Test Methods for Mass Per Unl Ares (Weght) of Fabnic”, which is
inoorporated hersin by reference in its antirety and reported i gfm®,

[0118]  PForosity was caloulated by dividing the basls waight of e sample In g
by the polymer density in glom®, by the sample thicknass in micrometers, mulliplying by
104, and sublracting the resulling numbsr fram 100, 1., porosity<t0 - [baws
waight/{densily » thiskness) x 100,

I0118] Fiber diameter was determined as follows: & scanning shectron
micrgseope {(SEM) image was taken at 48,000 or 80,000 times magnification of sach
side of nanofiber mat sample. The diameter of ten (10) dearty distinguishabis
nanofibers were measurad from each SEM image and recorded. frraguianitieg wera nint
inclhuded {Le., lumps of nanclibees, polymsy drops, intersections of nanofivers, slo), The
avarags fibsr diametsr for Doth sides of sach sample was caloulated and averaged o
rasult i1 @ single average fiber diameter value for each sampls,

31201 Thickness wag defermined socording to ASTM procsdure DNTT7-84,
“Standard Test Method for Thickness of Textile Materials”, which is incorporated herain
by referenne in its antirety, and is reporied in micromsters {m).

21 Mean flow bubbds point was measured according to ASTM procedure
Designation B 1284-88, "Standard Test Method for Pore Size Characlernisting of
Marbrane Filters Using Automated Liquid Porosimeter”, by using automated bubble
point method from ASTM Designation F 318 using & custom-buill capitary flow
porosimeter, in principle simiar o a commercial apparatus from Porous Materlals, Ing
(PRAD, fthaca, NY, Individual samples of 28 mm in diameter were watled with soprapyl

aloohol Each sample was placed in a holder, and a differential pressure of g was

appiiad and the fluld remaovad from the sample. The diferantial pressure gt which wat

#us
i
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flow is equal o ong-half the dry flow flow withoul watting solvent) is ussd tu caloulate
the mean flow pore size using software supplied by PML

0123 Fha s the rate al which fuid passes through the sampie of 8 given area

and was measurad by passing delonized walsy through Siler medium samplss having 8
diameter of 47 (5.6 om® filtration avea) min. The water was forced through the samplas
using about 25 in Hy vacuum on the fitrate end via a sile anm flas

0133] The offective pore size of the electrozpun mat was measurad usi 310
corvantonal membrane fechrgues such as bubble point, Squiddinuid poromatry, and
challenge test with particles of cerlain size it s gensrally known that the stfective pore

size of & fibrous mat generally increases with the fiber diameter and decreases with

parosiy.
[3124]  Bubble poiit test provides g conveniant way 1o measurs sifactive pore

size. Bubble pointis osloulsted from the following equation:

Fs
0128 # ,where P s the bubble poind pressurg, v s the sinfgee fansion
of the probe fhad, r s the pore radius, and 8 is the liguid-solid contact angle.

dwend

101281 Meaembrane nanulsciursrz assigh nomingl pore size ratings 1o commsraiat

poeseg

mambrane fters, which are based on their retention characternistics.
LIV Ratravirus retantion

(01281 Retrovicug relention was lested using the following test method, The

v

-f(

bacteriophage PRTTZ challenge stream was preparad with @ minimum HHer of 1.0x1
afufmil. in a phosphate buffer saline (PR3} solution. Porous medi 1o be lested wave ot
w1 25 mun dises andd sealed wn overmolded polyprapyiene devices of the ’«amv} tyw? /B
the OpliScala 25 disposadle capsuls filter devices commaenially avatlabls from EMD

Milipore Corpocation, The devicss include arn alr veni to prevent alr locking, and have

oy
s
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an efective Hitration area of 3.5 ant’. Thess devioss were then challenged by the above
mentioned stream at b pel pressure affer baing weatl by water at 25 psi pressure. The test
WES i&fmm&*e} after 100 m of fillrals collection or alfer 4 hours of fillration, whichsver
came first. Quantification of bacleriophages in the inllal and Bnal feed ware conducted
on plates incubated ovarnight using & light box and a oolony countter. Corresponding log
retention values (LRVY were calouiated,

1281 Myocoplasma msigntion

{0180 Mycoplesmas retertion was measured by challenging the membranes with
87710 colony forming units per square om of membrane {OF U™y The devices
were challengsd with 50 mi of dilied Acholeplasma laidiawil (A laidiawil) and then
flushed with 50 mi of mycopiasma buffer for & folal of 100 mi. The full 100 mibwas then
filtered through 3 0.22 wn sterilization membrane, Then, the procedure as taught in WO

200032040, assignad to EMD Millipore Corporation, Billerica, MA, was followead,
wharein a mathod for retention tesling sterilizing grads filters comprises: a) providing &
afook of A laidiawdl by growing up the stock of AL laldiawdl Tor about 38 hours orlesg in &
single serum-free growth medium that supporis cell growth fo 3 high Her and vislds a
cetiutar morphology where the cells are small, degraded and sphertical, thereb By
produciig a bacterial culture; o chaflenging a test filter by filtering the bacterial culture
through the test Biler at 8 known challengs level, theraby producing & filtrate

downstream of the test filler; and d} defecting concentration of A laidlawit in the filtrale.

Serum-froe growth media for cultivating o storing A, laidiawll are also desoribad.

P

G131 Brevundimona e (B diminutg) retention was measunad i
accordance with ASTM procedure FERE-EE, "Slandard Test Method for Delaamining

Pacterial Retention of Membwane Filters Utilized for Liguid Filtration”,
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o

{0132] Nanofiber sampless ware produced on NE Lab 200, (Eimarco s.re

Libmese, G, 2 iab scals ool whire nanchbers are collectad on a porous support that is

\

fixad over the spinning electrode. Samples prapared on this nstrument will e refarve
o as “static mode”.
01331 Samples were also produssed o g NS JWTOG0U, (Blmarce s.0.0. Liberse,

v

G4, retrofifted with a &l om

ong slectrode. On this instrumant, samples were produced

o

santinuously in a ol {o roll bass whare the substrate moves over thras spinaing
slectrodes &l a constard spesd. This sample preparation methad is referrad o as
“dyniamic mode” n the Examples.

[0134] Hereinafter the composife liquid fitration platform will be desoribed in
more detall in the following examples. The examples of the present invention will
demuonsirate that a composite electrospun nanafiber mat can simuanenusly possess
both high permeability and hugh retention of bacleria, mycoplasma, or retrovirus.

{01381 Example 1. Comparison of alectrospun nanofibsr mats produced on s
nor-wovern versus on nanofibar mats produced a membrans

361 The composils Sguid BBration platforms provided herein include nanctiber
lwyars mads by clectrospinning a solution of Nylon § polymsr. The Nylan © s supplisd
by BASE Qorp., Florhan Park, NJ, USA, under the brand name Ultrami g% B4, The

spinning solulion was prepared by miking 13% Nylon 8 (Ultrami 1™ grade B24 N OF) with
a blend of acstic acid, forrnde acid and watey (2:2:1 weight ratio) for about § hours at
SO0, The viscosity of the resulting solution was about 100 oF. The solution was
ronediately spun using a Sawire spinning slectrode under 82V slectno fisld at different
collechon imeas {spin e,
[O137] For nanofibsrs spun on convertional nomn-woven JUpRois, an

<&

antistatically-coated nor-woven spunbonded polypropvisne material, svailable from

7.y
Lt
peos
L
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ATEX Inc, Gainesville, GA, USA wnder the bhrand name Axar & SBPP 30 gsm, was
used,

H3138]  For nanclibers spun on & porous membrans, a 128w rated aaymmetnio
stgrilization grade FES membrang, available as Exprass® QHF from BMD Millipors
Corporation, was usad,

31381 The average fibsy diameter of the electrospun mat produced was ahout
S5.30 am. In an effort o quantify the property changes associated with the differant
matgriale used for nanofiber mat collection, the IPA bubble point, ag defined above, of
the composite structures as a function of spin e (which s wsually direotly proportional
o nanohber mat thickneas) was messured,

01401 Figurs 3 depicts the BP morease of 8§ nm pelyamide fibers spun o s

nonwoYen ve. an squivalent polvamids nanofiber spun on an asymmatric .82 pm rated

{3141 Example 3 Manufasture of myveoplasmasretentive compuosite tigud
filtration platform including a somposite Hitration medium featuring a nanofiber layer and
& support mahrans

{01423]  The spinning solution was prapared by miing 14% Nylon & {Ulramid®
B27 E 01) solution with a blend of acelic acid, formic acid and waler {2:3:1 waight ratio)
for § hours af 3F°C. The solution was immediately spun using a S.wire spinning
alectrode under 82k slectric field. The nonwwoven supporied mals wearg spun i statin
mode with a spin time of 45 minutes. The porous membransmanofiber compuosie
samples wars spun in dynamic mode whare the substrate, a membrans with a 8.8 um

rating (prafiiter fayer of Milipore Express® SHO filter, EMD Milipure Corporation

paed. The nanofiber

o

Bdlerica, MA}, was moving over spinning slsctrodes al a constant

-

feyar was pesled off the nonwoven substrate fiv issting, When the aanofibear was

2
ek
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alechrospun on & mambrang, the membrans was sept fogether with the nanolibsrin

subsequant testing, Next, disk samplss were ot and placed o ovarmolded devices

o]

dasoribed above for retention testing. Figure 4 shows permeabiiibies of two sampies of
sirrslar myooplasma retendion (& § LRVY nanofiber mat spuit On Coarse nanwoven and
Ot mambrane,

{0143] Example 3. wvestigation of spin time in manufacture of mycoplasma-
retentive nanofiberimembrane compaoside. Figurs § depicls myeoplasma relention
increase with the incrsass in the thickness of nanciiber layer. A composite sample for
mycoplasma relention comprising a membrane with 8 4.8 wm rating {prefilter layer of

Vitlipore Express® SHO filter, BMD Millipore Qorporation, Billerics, MA) and 8 nanofiber

fayer were proven (o be fully retentive &t spin times 3l and abhove & minuies,
{31441 Exampls 4. Manufachie of B, diminuta-retentive composite Hquid fillration
satform including a8 composite filtration medium featuring & nanofiber laysy and a
support membrang composite fifration madium.
{01481 The spinming solution was prepared by msdng 13% Nylon & {(Ulramid®
grade B 24 N 82) with a blend of acelic acid and formio acikd (207 weight retioy for §

g

haurs at 30°C for the cogrss non-waven supported case and by miking 12% Nykn §

{Uttrarmid® grade B27 E 01} in = blend of acetic acid and formic acid {21 weai*g%}t ratio}
for & hours 3t 80°C for the composite fiiration platform featuring 8 porous support

rrrembrane and a nanofiber ayer, The solulion was immedistely spun using a S
spinning slectreds under 82KV slogtric fleld. The coarse non-woven supported mat was
spun in static mode for 30 mindes and the membranafanofiber compositas wera spun
i dynamic mode where the subsirate, a membrane with & .5 pm rating {prefilter layer
of Millipors Express” SHC Siter, EMD Millipare Corporation, Bilerica, MA), movas over

spinning electrodes at 3 constart spaed. The nanclher layer was pesiad off the coarse
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non-woven substeats for lesting. When the nanofiber was spun on a membrans, the

membrane was kept together with the nanofiber in subseguent testing. Neg, disk

sarnples warg cul and placed in 47mm slainless slesl halders for retention testing
Figure © shows penmesbilitias of two samples of similar B. diminuta relention {& 3 LRV}
rranofibar mat st On ooarse non-woven and on mambrang,

{0148 Example & Manufacturs of 8 composite iy filtration plationm including &
composite Hguid Ritration medium fealring a retrovirus-retentive nanofiber layer and 8
QOrGUS support mambrane,

{31471 The spinning solution was prepared ag 3 12% Nylon & {Ultramid® grade
B27 E 01) sclution in a mikture of aostic acid, formic agd, and walar (3301 weight ratin)
for § hours at 80°C. The solution was immadiately spun using a8 S-wirg spinning
slectrods under 83RY slectiic fisld. The symimetric mats weare spun in static mode with &

.

gpin time of 30 minules. The membransfnanofiver composits samplss wers spun in

dynamic mode whers the substrate moves over spinning electrodes al a constant

spaad, Next, dise samples weare ol and placed iy overmoldsed dev
testing. The nanofiber layer was pealed off the non-woven substrate for testing. Whan
the nanofibss was spun on a membrane, the membrans wak kept iogether with the
nanofibey in subsaquent legting. Nex!, disk samples were cuf and placsd i ovanmolded
davicas desoribed above for retention testing.

01481 Both samples {non-woven supported mals and membraneianafiber

composites) were tested for retention in a two layer wat. The plotted values for

‘1;

mambrarefnanofiber composites nclude the additional resistance of two layers of
nrefilter membrane. Figurs 7 shows permeshiliies of two samples of similar Relrovirus

retention & 8 LRV nancofiber mat spun on & coarss nonswoven and 3 nanefiber mat

152
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spun on & memnbrang, Table 1 demonsirates IPA bubkde poinis for support :;“}

mambrane and the composites manufag

0148] Table 1

3

for membrana/nancfiber composis

Bubble points measured for supporting

frad acoording o the axamples

0.8 gy membrans and

Mean Flow Bubble Point {psi
Membrane Composite | % inorease
Example 2. Mycoplagma 17 111 653
retention » LRV
Example €. Bacteria 17 3 153
retention » @ LRY
Example 5. Refrovirus 17 191 594
retantion » § LRY
{0137 Exampls 8. Filtration throughput of 8 compaosie qud filtration platform

noluding a composite

laysr and a porous suppott membrane.

[0138]

SOMPpOsitas va

retention for Mycoplasma. Throughput ests wers dong using a Sgib osl cully

stream that

This media siream contains

Chaminals, 8 subsidiany of Merck KGgA, Danmstadt, Garmany; 1 g/l of

7 gl sodium bicarbonate; and 10 g/l HyClons Powdered Tissus

) b P
Y w“
»‘i @:L ¥

aptorn

& from Sovmeal {Papaic) availa

DMERHIgh available from Thermo Soentific Waltham  MAT

P
H

Tha poy

Nquid firation medium featuring a retrovitig-relentive nanofiber

Figurs 8 depicts capacity comparisons of membrane/nannfiber

CrEmbranss spun o coarse non-woven of same nancliber and similar

i+

yire media

s customanly used to test mycoplasma-ratentive mambranes with prefifters.

bie from EMD
f Rluronic F-88%;
Culture Media

N
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memiranainanofiber compaosite structure has a bullt in prefiter layer, 8 porous
mambrang with a 0.5 um rating {prefiller fayer of Millipors Bxprass® SR fiter, EMD
Milipore Corporation, Billerica, MA}, which protects the nanofiber layer from eardy
plugaing, and thus enables the compostte structure to axhibits higher z‘fsiimiiﬁﬁ

throughputl

{0139 Methods of ugse
{1401 The compaosits Sgusd filtrelion platforms in sccordance with the presant

reention are useful in the food, beverage, pharmacsutivals, bivtechnology,
misraelectronics, chamical processing, waler treatment, ard other figuid frestment
industries,

LUE I The composite fiquld Hltration platforms as {aught harein are & highly

effective composite for filtering, separating, identifying, andior detecting microorganisms

from a hould sample or Bgusl stream, as well as rammoving viruses or pardioulates.

131421 The composite iguid Hifration platforms as taught harsin are particulanly
useful i qritical Ritration of solulions and gases that may come info contaot with or may
contain pharmaceutical and biopharmaceutical compounds infended for human of
animal administration.

1143 The compaosiie igudd fitration platforms as sught herein may be usad
witht any Bquid sample preparation methods including, bt not limited I,
chromatography; high pressure fiquid chromstography (HPLQ) slectrophorssis; gel
fitration; sample centrifugation; an-ling sample preparation; diagnostic kils testing;
diagrostic testing; high throughput soreening, affinity binding assays; purification of a
Hguid sampls; site-based separaton of the components of the Huld sampls physical
properties based separation of the components of the fluid sample, cherrical propsnties

<

based separation of the componsnis of the fuld sampls; bological proapertiss based

f(}

I
¥
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ssparation of the components of the fluid sample; slecirostatio propertiss based
separation of the components of the fluld sample, and, combinations thereol.

{0144} The composite liquid filtration pliatforn a8 taught herein pan ba g
somponent of part of a largsy filration device or system.

{0145] Kitg

0148} The composite fillration medium as taught herain can be provided as 8
Kit, which may be wed {o ramove murgorganisms and particutates from a liquid sampis
or stream. The R may comprise, for sxample, ong of mors composite filtration mediam
nohding an electrospun nanofiber hquid fltration igyver on g pomus membransg %mtwte
as taughi hereln, as along with ong or more liquid filtration devices or suppaorts for
incorporating and using the composite filtration madium.

10147} The kit may contan ong of more condrol solutions, and may optionally
nclude vanous butfers uselul in the methods of practicing the invention, such as wash
puffars for eliminating reagents or sliminating non-specifically retained or bourd materizd
may optionally be inchuyded in the kil

1481 Other aplicnal kit reagents include an slution buffer. Each of the bulfers

may be provided in a separate confaingr as a solution. Altermatively the bulfers may be

npor

orovided i dry form or as a powder and may be made up as a solulion acoording o the

P

asr's desired application. In this case the buffers may be providsd i packels.

10149} The Kit may provide a powst soums in instances whers the davice s
automated as wall as a means of providing an exdermal foroe such 88 8 vacuwn pump.
The kit may also includs instructions for using the electrospun nanofiber containing
Hguid Sitration medium, device, support or substrate, andfor for maling up eégﬁ S

suitabis for use with the hvention, and methods of practicing vention. Optional

o
GO
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soffware for reqording and anslysing data obisined while practiing the methads of the

invention or whide using the devica of the invention may aizo be included,

{0150 The ferm "k includes, for exampls, sach of the components combined
irr @ single package, the components individually packagad and sold ogether, o the

components presentad together it 3 calalog 8.4, on the same page oF double-pags
spread in the catalog).

{018y} The disclosure st forth above may snoompass multiple distingt
inverdions with independent uiility. Although each of these ivantions hasg besn
disciosad i is preferred formis), the spectfic ambodiments thersol as disclkused and
flustrated herein are not {o be constdersd 1 3 Hmiling sense, because f‘gus‘néi‘mzs
variations are possible. The subject matter of the inventions includes all novel and
rronebvious combinations and suboombinations of the various slemants, fealures,
functions, andfor properties discinsed herain. The follewing claims particularty point out
certain combinations and subcombinations regarded as noval and nonobyvious
Invertions embodisd in other combinations and suboombinations of features, funclions,
slements, andfor properties may be claimed in applications claiming priority from this or

reladed application. Such cigims, whether directed (o a differant invention ar o the

o

same irvertion, and whather broades, narowsy, squal, or differsnt it scope o e
original claims, also ave regardsd as included within the subject matter of the ventions

of the presant discliogy
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WHAT 1§ CLAIMED 8
1. A porous composite media comrrising:
a porpus mwnbrane, and
a porous polymerdc nanefiber laver Wecatsd on the membrans,
wharsin the pore size of the nanofibar laver i smalier than the pore sizs of the

mamibrang,

2. The composile of claim 1, having a bubble point as maasurad with 3 sultable fluld
of at lsast 20% greatsr than the bubble point of the membrane alone,

Ry

3 The composite of claim 1, wherain the membransg & asymmainic and includes &

tight side.

4, The composte of claim 1, whirein the nanotiber laver & symmatic
8. The composite of olaim 1, whersin the nanofber layer is an slectrospun mat,

8. The composie of olaim 1, whareln the nanofiber layver comprises a polymer
saleoted from the group consisting of polvimide, aliphatic polyamide, armatic
polyamide, polysulfone, celiulose acelate, polvether sulfone, polyurethane, poly{ires
urathane), polvbenzimidazole, polystherimude, polyaarvionittiie, polyiethylene
teraphthalale), polvoropyianea, polvaniding, poby{ethyisng oxidel, poly{ethylene
naphthalate), poly{butylens lerephihalate), styrene buladiene rubber, polystyrsng,
pubylvinyt ohvinride), pobviviny! alcehad}, poly{vinyiidens Huoride), poly{vingt butylena}, &
copolyrner, derivative compounds, or blands thereol,
7 The composite of clalm 1, wheraln the nanofiber layer comprises an aliphatic
pobyamids,
8, The eomposite of claim 1, wherein the nanofiber yer comprises a blend of

polymers, copolymers, and midtures therent,
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&, The compoeste of olaim 1, having 8 tolal thickness from about 10 gm o about 500

um.

10 The composite of clarn 1, having 3 total thickness from about 50 @t to about 00
e,

7

110 Ths composite of claim 1, whersan the nanofiber lavsy is formad by 8 process
selectad from the group consisting of electrospinning and slectroblowing.
12, The composite of olgim 1, wherein the nanofiber layer has g thicknass from abowt
1 to about 200 pm

3. The composite of clain 1, whersin the nanofiber laver has a thickness from aboud 1
unt o abowt 100 um.

14, The compasits of claim 1, wherain the nanofiber layer has a thickness from ghout 1

un o about 3% um.

Ve
Py
et

15, The composils of claim 1, wharsin the membrane has a thicknass fram abou

um to about SG0 i,

18, Tha composite of claim 1, wherein the mambrang has a thinkness from about 58

um o about 200 wm

17. The compaosite of claim 1, wherein the mambrane comprises one oF mare layses

producest by solution phase twersion, tharmally intlisted phass separation, vapor

nduoned phase separstion, rack etohing, biaxial stretehing, solvent atohing and
combinations thereof.
18. The composite media of olaim 1 with mean flow bubble point o isopropanol

from about 10 psito about 138 pst
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18 A porous composite medis for filtration comprising
a porous agymmelic mambrans having a tght side, an open side and a pors
size inoreasing in size betwaen the tight side and open side, and
& porous polymenic nanofiber ayver located on the light sule
wharain the pore size on the tght side of the mambrane is largey than the pore

size of tha polymaeric nancfiber ayer.

200 A composite flitration devige for use in oritical filiration comprising:

Htar having & porous asymmetric membrans having a Hight side, an open
sids and 8 pove size incressing i size behweern the tight side and the open side, and
3 relentive filter having a porsus polymaeric nanofiber Iayer looated on the tght

side of the asymmaetic mambrang, wherain the pore size on the tight side of the

axymmatic membrans is larger than pore size of the polymenc nanofiber layer.

40
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