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NANOFIBER CONTAINING COMPQSITE STRUCTURESD

{001 This application claims the benefil of UGS, Provisional Patant Apphogtion
TATOTOS, fled on Apri 1, 2011, the entire coments of which arg Incaorporatad by

refarenon harein.

DESCRIFTION OF THE INVENTION

Fialkd of the Invention

{08 The preseny invention relates genarally 1o iguid fitration media. Iy cerlam
gmbodiments, the invention provides 8 composite liquid fltration platform ana mathods

of using and making the sams o the retention of migoorganiams from g fltersd liguid,

Sackground of the nvention

1a03] Syrithelic polymers have been formad into webs of very small diameter
fioers, (Le., diameters on the order of a few microns {pm} or less}, NG varinus
processes such as med blowing, slectrosiatic spirming and slectroblowing. Such webs
have bean shown {0 be useful as Hquid barrigr naterials and fiters. Often they are
sombined with stronger substrates to form compoesiies,

0] Composite porous structures arg widely used iy filtration and sgparation

2

applications. The torm "composite” as usad hereln, implies that a combination of two or
maorg membranes of differant pore sizes, pore merphology andior materials we ugad i
create the final composite porous structura,

35 i membrane fillration for example, & compoade can coniain wae of morg

porous lavers having distingtly diferent pore structures, By combining two of mors
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fayvars of porous material having a distinetly different pove structures it @ oomposits
fiitration membrane, signdicant gains can be achieved in fvaton effilency, throughpud,

nechanical robusiness. By way of axample, composites can be formed by

53]
s
[’
ps ]
o

subssguent mvering of sepgrately manufactured porous matarnisls, casting @ sacond or
morg fayers onlo @ preformed first inyer, laminating two o more preformed layers
fogether, or by coforming bve or mare layers simudlansously, as aught, for sxamplg, in

S Patent Mo, 7.228¢

..

GG5 gasigned to EMD Millipore Corporation
o6} Bigpharmaceutical manufacturing is constantly lonking for ways
streamiing operations, combing and eliminate steps, and reduca the time i lakes to

process sach batoh of pharmaceutical drug substances, At the same time, marke! and

i

reguistory pressures are driving biophamaceutical manufaclurers (o reducs thelr cosis
Sinog bactena, mycoplasma and virus removal accowt for 8 significant percentage of
the total cost of pharmaceutical drug substance purification, approaches that incresse a
norgus membrang's filtration throughput and reduce purification processing lime arg
very mush in demand.

AT With the introduction of new prefilfration media and the corresponding
increases in throughput of bacteria, mycoplasma and virus retentive filters, the flsation

of fead streams is becoming Hwelimited. Thux, dramatic improvernants in the

permeabilly of bacteds, mycopliasma and virus retentive fillers will have g direat

heneficlal inpact on the cost of a bacteria, mycoplasma and virus fillralion stepish
{008] Fiiters used in Hquid ftration can generally be categorized as either fbrous

nor-wavent media filters o porous film membrane fillers.
{00 Porous fiim membrane lquid filters or other types of Hiration media can be

used aither unsupportad or it conjunction with @ parous substrate or suppert. Porous

st
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filo liquad Bltration membranes, which typically have pome sizes smatler than porous
fibrous nom-woven media, can be used
{01y {a} miorofitration (MF), whearsin parficulates fillerad from a liqud are

typically in the range of about (01 pm to about 10 amy

5

{011} {b ulratiftration (UF), wherein particuiates filfersd from a liquid, ave
wpteally in the range of gbhotd 2 nanometers (im} 1o about 81 ym; and

012 {¢) revarss camows (RO}, whersin particuiate matier filterad from a gud,
are typicatly in the range of about 1 A to about 1 nm.

03 Retrovirus-retentive membranes are usually considerad 1o be on the open
et of uitrafiftration membranes.

{014 High permsabiiity and high reliabls relention are o gsaz'am&iéf‘ss dasired In
& lquid Blfration mambrane. There is, howsver, a trade-off betwoen these two
parameters, and for the same type of guid filration membrang, grester relenhion can be
achisved by sachficing permaabddity. The inherent imitations of convartional processes
for making Hguid filtration membranes pravent membranes from sxceading & cerlain
thrgshold in porosity, and thus imits the magraluds of permeability thatl can be achisved
at any given pors size.

18] Fivrous non-woven Bquid Sitration meda inoluds, bud are not imitsd to,
nonewoven madia formed from spunbonded, mslt blown or spuniacad sontinuaus fib
hydroentangiad nonswovern media formed from carded staple fiber and the ke, andior
combinations thergof, Typically, fibrous non-woven media filters used in liquid filfration
have pore sizes generally greater than sbout 1 micron {pm).

1318 Non-woven materials are widely usad in the manufacture of fillration

Sarpnd

products. Pleated mambrane cartridges usually include nonwoven matseiss ag 3

drainage baver (Jor example, see US Patent Nos. 8,074 888, 5,848,438, and §883.054,

o~
~
N
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aach assigned o Pall Corporation; and ULS, Patent No. 8,508 749 assignad o Qune
fng, now 3M Purification Ing)
RN Non-woven microgoreus materials can also be ussd as a supporting
sorean for an adigosnt porous membrane laver eated thereon, such as Blomax®
pitrafiftration mambranes by EMD Millipore Corporation, of Billerina, M&
{618} Non-woven microporous materials can also be usad as supponiing
skeletons o increase the strength of a perous membrans jocated on the nun-woven

microporous structurs, such as Milligard™ fillers also guailable from EMD Millipore

Carporation.
{191 Norewoven risroporous malerials can aise bhe used oy “coarse

orgfiitration” {0 increase the capacity of a porous membrane placed downstream of the
an-wovern rrricraporous material, by removing suspended parlicles having diamelers
that are generally greater than about 1 um. The poroys membrane usually provides &
oritical hiosately barrier or strunture having 8 weli-defined pors size or molecular weight
cut-off. Oritinal fillration s charactenzed by expacted and validatable assurancs of a
high degres of removal {typically »08.89%, a5 defined by specified tests) of
microorganisms and viral particles. Critios! filiration s routinely refied upon 10 enswe
steriiity of lguid drug and lquid biopharmaceutical formulations at mullipls
manufacturing stages, as wall as at powt of use,

{020 KMelt-Dlown and spunbornded fhrous media are often referred to a8
“traditional” or "conventional’ nonswovens, Fibers in these tradilional nonawovens ars
usually ot lpast about 1,000 nm in diameter, thevefore the effective pors sizes in
traditional non-wovens are greatsr than shout ong micron. The methods ©
manufacturing traditional non-wovens typlcally lead {o highly inhomogeneous fiber mals,

024 Historically, the random nature of conventional non-woven mat formation,
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such as by mel-blowing and spurt-bonding, has lad to the general a@%‘\éz*;";piz;;zx? nat nane
wovan mats am unsuitable for gny oriticsd Slration of Soud streams, and a8 such,
filtration devicss incorporating conventional non-wovans mats ypically use thess maly
far prefiltration purposes only in order 1o incraase the capacily of 8 porous cnifical

fitration mambrane placed dowrgtream of the conventional nor-wovens mats.

1022 Angther type of non-woven includes electronspun nanofiber nonwoven

rrats, which, ke "“radifional” or "corwventional” non-wovens have been ganscally
asawned unsultable for the critical filtration of gud streams. (Seea Tor exampls, Bjorgs
of al, Performance assessment of electrospun nanafibers for filter applications
Diesalingtion, 248, {2008}, 842-848).

{0331 Electrospun polymeric nancfiber mats are highly porous, wharsin the
"pore” size is approximately ingarly proportional to the fiber dismeter, and the porosity is
relativaly independent of the fiber digmetsr. The porosity of an electrospun ranaliber
mat usually falls in the range of about 85% to B0%, resulting i a nancfiber mat that
demonsirates dramatically improved permeability when compared o imynersion cast
membranss having a similar thickness and pore size rating. The porosily advantages of
alectrospun polymeric nanclibsr mals over porous membranas bacomss :3:“{4 ad i the
gmafler pore size ranges typically required for virus fitration, hecause of the reduned
gorosity of UF membranes discussed supra.

{024} Elsctrospun nanofiber nor-woven mais ars producad by spinning polymer
sotulions or melts using electre polential rather than maliblown, wellaid or axtrusion
manufaciuring procasses used in making conventional or radiional nonwwovens. The
fiber diameters typically obtained by slectrospinning are in the rangs of 10 nm to 1,000
rn, and are one to thise orders of magnifude smslier than corventional o traditionsl

AON-WOVans.
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{025] Electrospun nanofiber gre formed by pulling a dissolved of molian polymer
material & 1t a fest electrode and applving an slectnical polential such that the

dissohad or mnlien polymer malerial is drawn smway from the first electode toward &
ornd sdectrade as a fiber, In the process of manufaciuing slectospun nanofiber

x

mats, the fibers are not forced 1o gy down i mals by blown hot aiy or other mechanioal
maans that can lead to 8 vory broad pore size distribution. Rather, elecirospun
wwnofiters form g highly untform mat becawse of the mudual slectneal repulsion betwaen

the slectrospun nanofibers.

f‘.

2] W 2008108117, assigned o B L Du Pont De Nemours and Comparny,
ieaches using a porous nanctiher laver as a depth fitration layer (L., 8 prafifter} for an
adignent porots membrane that has a8 27 LRY (e, LRV & defined as logarthmic
retention vahue where LRV is squal to 0.999 filtration efficlency) for a certain particle
size, WO 2008109117 aches that the nanofiber layer has a filtration efficlency rating

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

ff

3

graater. WO 2008108117 purports to teach that the role of orilical filtralion is reserved
for the porous membrane, rather than the nanofiber layer.

{0271 WO 01107503, assigned to EMD Milipare Corporation, lsaches
nanofiber mals having & specific thickness god fibey dlamelsy offer an improved
combination of Hguid permsability and microorganism retention. Genarally, nanofiber
mats offer 2-10 imes belter permeabilty than thelr porous mambrane countyrparts of
comparable retantion, this is thought o be a consagquancea of the nanofiber mats having
a highar porasity (~80% vs. 70-80% for a typical wetl cagling porous membrang).

2 Electrospun nanofiber mats can be manufactured by depositing fibers an g
convantional spun-bonded non-woven fabric (examples of a face o face intarface of &

non-woven and & nanefiber laver ars teught in WO 2008810030 assignad to Bimano
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5.0.0.; and w1 US Patent Application Publication No. 20080188717 assigned o Clarcor
Inc., each meorporated hevein by reference i their entirety). In sach of these
approaches, the roughness of the swiace of the supporting non-woven fabwic may
propagate info the nanofiher layer cauging potential no-uniformity of the nanefibar
structura, thereby potantially compromizing relention characteristics.

{028 UG, Patent No. 7,585 437 ssued 1o Jirsak el al teaches a nozzie-fres
rmethod for producing nanofibers from s polymer solution using slectrostatic spinning
and a device for ¢arrying out the method,

{030 W 2003080805 ssxigned I Nanoe Technios Co. LTEL, incorporated
herei by reference in iis entively, teaches an slectroblowing process, wherein & stream
of polymeric solution comprising a polymer and a solvant is fed from a storage lank o a

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

through which the polymeric sclution is discharged. Compressad air, whinh may
optinnally be healed, is releasad from air nozzles disposed i the sides of, or at the

periphery of, the spinning nozzls. The comprassed alr is directed generally downward
a blowing gas stream erveiopes and forwards the newly issusd polymeric solution

thereby aiding in the formatian of 8 nanclibrous web, which is collacted an & grounded
poraus coliection belt located above a vacuum chamber

a3 U5, Patent Application Publication No. 20040038014 to Schaefer et al.
tsaches g nonwoven filiration mat comprising one or more layars of a thiok sollection of
fine polyrneric microfibers and nanofibers formead by slectrostatio spinning for filtering
contaminants.

10321 U8, Patent Applcation Publication No, S0Q8/IRETIT o Gresh teaches a
method of forming slectrospun fiber layars on a substrate layer, the slactrospun Thars &

significant amount of fibers with a diameter of iess than 100 nanamalers (hmy,
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Q331 Blorge ef 8, in Desalination 249 (2000) 842048, teach alectrospun Nylon

nanofibsr mats having & nancliber diametar of about 80 nm to 100 iy, and & tickness

of about 120 pm. The measured bactena LRV for non-surface trealed fibers is 1832
Bicrge et &l purporiadly conclude that bacleria removal efficiency of nanofibery
slzclrospun mats i ynsatisfasiory.

{034} Gopal et &, In Journat of Mambrane Scenee 388 (2007 310-218, teach

alectrospun polvathersulfons nanofiber mals, whereln the nanofibers have 8 digmeter of
ashout 470 nm. During liguid fltration, the nanofiber mats acl 85 2 screen {o filer out

particles above 1 um, and as a depth Hller {e.g., prefiller} Rur partickes under 1 micron,

{038} Auszawasathien el al, inJounal of Membrane Sclance, 3186 (2008} 11~
19, teach slectraspun nanofibers having a diameter of about 30 nm fo 110 am used in

the removal of polysiyrene particles having 8 diamater of about 0.5 pmy to 10 pm.

S

038 WO SR1120088 to Chot of al.| teach a nanoliber layer having & 0.2 pm

e

rating combined with a much tighter ulfra-high molecutar weight {UPE) membrane {&.4.,
having about a Snm rating). purporedly resulling in inproved retention of polyatyrene
particles in the presencs of surfacianis. i wach of the examples provided, the
membranss have higher retention compared o the nanofiber layer alone. it appsars that
the addition of the nanefiber layves 1o the membrane does not resul in 8 mg sasurable
increase of combsinad bubbls point and lsads 10 an incremental ingrease i rﬁ“te:** 0N
compared {o the membrane dsell. As discussed supra, nanchber mat teachings
purportedly each using nanofiber mals as & prafiter, and use the porous mambranas {o
provide critical filtration and retention assurance proparties.

{37} Howaver, none of the nanciibar mat teachings discussed supra teach
using 8 nanofiber mat Remed on & porous membrane support, whergin retention

assurance and critical fillration propartiss arg provided by the nanoliber mat, not the
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parous membrane; and the prafifer properliss are supplied by the porous membrans
asuppor, not the nanofiber mat.

O8] What is neaded s 8 porous slectrospun nanufiber composite filtration
madium that would be readily scalable, adaplable to processing volumes of sample

fuids ranging from milliliters to thousands of fiters, and capable of use with a variety of

w‘

filtration processeas and devices such that the electrospun nanofiber layer provide
retention assuranos and criticat fitration properties, and the porous support the
nanofiber laysr s formad on provides prefiliration properties. The invention ik dirscted 1o

thase, as wall ag other objeatives and embodiments.

SUMMARY OF THE INVENTION

{038 The prasent invention addresses, amang other things, the norruniformity
and capacily deficiencies often associsted with composiie non-wovens lgui! fration

strutures. The new somposite figuid Bitration platforms taught hersin include por
somposis filtration structures having 8 polymaric nanchiber layver collectsd on g parous
membrang, such that when the composite fillralion structures are used 1o Hller & nuid or
fiquid streams the porous membrane is situaied upstream of the polymeric nanofiber
faver, Although the porous membrgne sols as a substrate for capturing nanofibers in the
production of the composite Bltration structres, the porous membrane is also the
prefifler used upstream from the polymeric nanofiber laver {o remove particles friom 3
fiquid stream flowing through the composite filtration structre. That s, the mnnfmﬁ\
faver is positionad downstrears fram the porus mambrane, and is used as the refentive
fayer for oritical Hitration o provide blosafely assuranss, and is rasponsible for captuning
microarganisms bke baclera, mysoplasma or virusss. Having the porsus meambrang

side of the composits filfration structure as the prefilter (rather than the nanofiber tayer
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which heretolore was previously ussd as the prefillen) and the thin, untform and small
pare size nanciiber layer used as the relentive bicsafely assurance faver, the iquid
filfralion platform taught harein exhibils permeability advantagss over conventionst

porcus mambrgnes or nanofibar mals spun On CORrSs NONMT-WOVENS.

torers

D40] In cactain embodimants, the invention provides a porous composits media
noluding a porous membrang and 38 porous polymeric nanofibsy laver focated on the
marnbrang, wherein the pore size of the nanofiber layver is smaller than the pore size of
the membranag

411 In other smbodimsnts, the wwvention provides porous composiie media

\

fchiding a porous membrang and a porous polymenc nanotibar yer located on the
membrane having & bubble point as measurad with 2 sultable fluld of at least 20%

greater than the bubbds point of the mambrans alons,

10421 In cariain embodimants, the awention provides a porous composite media
inchuding 8 porous mambrane and 8 porous polymenic nanodiber layer nested on the

membrans, wheyeln the membrane 1 asymmetric and noludes 3 tight sids,

{G43] In other smbodiments, the invenlion provides 3 POrOUS Lomy te iz

,gu'

cluding 8 porous membrane and & porcus polvmene nanofiber fayer locsted on the

memhsana wherein the nancfiber layer i symmelric.

1044} in still other embodiments, the invention provides a poraus compasiie
media noluding & porpus membrans and a8 porous polymeric nanefiber layer located on

the membrane, wherein the nanoliber lgyer 8 an elecrospun mat.

10451 In other embodiments, the invention peovides a porous composite media

including 3 porous membrans and 3 porous polymeric nancliber layer loca t@:i ot the

1G
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membrang, wharein the nanolibsy laver comprises a bland of polymars, copolymaers,

and mistures thereof

48] In ancther smbodiment, the rvention provides a porous composita media
ncluding a porous membrane and a porous polymerio nanoliber ayer lvcgtad onthe

mermbrang, wheraly the nanofiber layer comprises an aliphatic polyamids.

D47] in another embodimant, the invention provides a composite liquid fllralic
madium structurs having a porous membrane prefilter and a entica! filleation porous
nanoliber retentive layer collectsd on the membrane. The thickness of the porous
ranofiber laver ranges from about 1 wm to about 500 pm. The effective pore size of the
porsus nanchiber lgyer is genersily defined by the fiber diameter, which s chosen bagsead
on the deshed microorganism or particle o be retained, The effective pore ma:ti' of the
porous nanofiber fayer, as measurad by bubble puint fest provided infra, ranges from
about 0.05 um for retrovirug removal o shout 0.5 um for baclernis reamoval.

13481 In another embodiment, the nention provides 2 composite Jiquad filiraton
platform including an electrospun porous nanofiber layer having thiskness ranging from

abouttl um {o about 500 pmy

048] in further embodiments, the vention provides a composite iquid filration
platfonm ncluding a porous slectrospun nanciber layer having thicknsss ranging from

about 20 um 1o aboul 300 um.
NS in still other embodimants, the nvention provides a composite lquid
fitration platform inpluding & porous electrospun nanofiber Jayer having thicknass
ranging fromm about 50 pm to S00 um.

051 iy ancther embodiment, the invention provides porous compaosite media
for uid filtration Inchsding & pomus asyrrnetric membrans having g Hght side, an ops

side and 3 pore size inwreasing It size bebween the tght side and open side, and 8
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porous polymearnic nanofiber lver located on the ight side, wherein the pore size an the
tight side of the membrans is larger than pors size of the polymene nanahibey laysy.

[O82] In oerigin smbodimsenis, the invention provides 3 composite fitration
device for use iy oritical liquid fitration including a prefiller having @ porus asymmatne
rrembrang having a tight side, an open sule and a pore size increasing it size batweean
the tight side ard open side, and 2 retentive Blter having a porous polymeria nanofiber
layor located on the ight side of the asymimelnis mambrang, wharein the f@@ft} SIRE O
the tight side of the asymmstric membrane is larger than pore size of the polymerne
nanofiber layesr,

{053} in anciher embodiment, the present invention is directed {0 a proosss of
forming & parous composits Houid iltration platform rom one OF More porels
slectrospun polymerio nanohibers formed from 3 polymer solution using an
alecirospinning apparatus, and subjecting the solution to an skeclric polential grester
than about 10 kY, and collecting the slectrospun polymer fiber{s) on a porous supporting
membrang having 8 smoeth swrface. The smooth surface struclre of the supporting
mambrane results in a smooth and a uniform porous nanofiber mat {unlike a nancliber
mat formed oo a nor-woven collecling suppart have a cparse support surface). Smoosth
ang urdform porous nancfiber mats typioally have greater relantion, L2, pOroug
nanciiber mats having the same thickness and parmeability woulld have greater particke
removal praperties when produced on a smouther membrane swrfacs than on & coarse

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

84} In certain other embodiments, the invention provides & porous composits

tquid fittration device including & porous composite finuid Hitration platform having a

Py
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fopaid fitration composite medium fsaluring an slectrospun polymeric poraus nanafibar
retenthve blosalely assurance layer dispossd ot a porous mambrane subsirale prefifter.

155 i st another embodiment the nvenbion provides a Hguid fitration

platform having & porous compesite medium ncluding 8 oritival biosalety porous

ngnhatiber layer collected on 3 porous prefiller membrane, The compusiis liguid flfration
olgiform is used to fiter a Hquid stream and caplire, amaong other substances,
microciganisms ke backena, mycoplasma or vruses thal may be prasent in the ligusl
Thes quid filtration platform accomplishes thig by having the liquid stream frgt enoourder
the porpus prefilter membrane componant on the porous composite medium fullowead by
ancourtaning the retentive nanofiber laver for oritical filtration by capling
IMHCTOOIGANISE, mycopiasma or viruses downstraam from the prafilter layern

1088] Additional festures and advantages of the invention will b sel forth inn the
detalind description and olaims, which follow, Many modifications and varistions of thig
rvantion can be made without departing from s spird and soope, as will be apparent o
those skilled in the arl. s o be understood that the foregoing ganeral desaiption and
the following delatled deswription, the clalms, as well as the appanded drawings are
axsmplary and sxplanatory ordy, and are intendsd to provide an axplanation of various
smbodiments of the present teachings. The specific embodiments deseribsd harein are

offerad by way of sxample only and are not meard io be Imiling n any way.

o
13
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BRIEF DESCRIPTION OF THE DRAWINGS
571 The accompanying deawings, which ars incorporated in and constitute

wart of thix specfication, Hlusirate the presently contemplated embodiments of the

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

nwention.
Q58] Figurs 1 i a schamatio of the process of slectrospinning a nanofiber onto

a moving weab acoording 1o ons embodiment of the invention

[RSH Figure 2 shows an electron micrograph of a composite iquid Buyation
piatform acconding to an smbodiment of thiz invention festuring 8 porous composite

filtration struchure having a polymernic nanefiber laver colledtad on a8 porous membwane.

o6 Figure 3 deplols a comparison of IPA bubble points of a composite Nquid
firation platform according o an ambodiment of this iInvention featuring a porous
sompasite filtration structure having 8 polymeri nanufiber laver coflectad on & porcus
membrang, and a comparative example of a nancliber mat deposiad on g coase non-
woven for the same spin Hmes (and therefore same thickness of nanoliber mat).

{681} Figure 4 depiots a companson of water pemisability for nanofiberg with

{

similar mycoplasma refention {> 8 LRV a comparative example of a nanofibar mat
SERIF G 3 coarss nor-wover and 3 composite Hquid fittration platform acoording o an
ambodimearnt of this invention fealuring a porous composite fillration structura having a

polymerie nanofiber laver collected on a porous membrane.

H082] Figure 5 demaonsirates the correlation bebweern spin time, bubble pang,

,,,,

ared mycoplasma retention of a composite Hinuid filtration platform according @ an

smbodiment of this inventien featuring a porous composite firation sfoucture having 8
polymeric nanofiber matl spun on @ mikropamus asymmatric 048 gm rated membwane.

&

Figure 8 depicts a comparison of waler fluses b nanofibers with similar B



WO 2012/135679 PCT/US2012/031549

dirmninuta refention (> @ LRV a comparative axample of a nancfiber mat spun an ooarss
non-woven and a composite liquid fitration platform ancording 1 an embodiment of thix

irveention faaturing 8 porous composite fiftration struclire having a polymanio nanoliber
layer collectad on g porous mambrane.

{084} Figure 7 dapicts a comparison of water ixes for nanchbers with similar
ratrovirus retention (> § LRVY a comparative example of a nanctibsr mat spun on
coarse non-woven ard & composite liquid filtration platform according [ an ervbodiment
of this invention fealiring a porous compoesile filtration struslwre having a polymernio
nanofiber layer collected on a porous membrane,

{088} gure B depicts fiitration capacity comparisons of & composile Hguid
fitration platform accerding to an smbodiment of this invaention featuring & porous

composite filtration structure having 3 polymeric nanciiber layer collected on a porous
membrana ve. 3 comparative example of 8 nanofiber mat spun on coarse non-woven of

same nanchber dismeter and similar retention iy myeoplasma & 8 LRV

DESCRIPTION OF THE EMBORIMENTS

{08 All pubdications, patents and palent applications cited hersin, whether
SUPra or S‘nfrs-xs arg hershy incorporated by reference in thelr antirety 1o the sams exlent
as i sach individual publication, patent or patent application was specifically and
individually indicated to be noorporated by reference,

{0873 Before descrtbing the present invention in further detall, & number of terms
will be defined. Use of these tanms does not Bmit the scope of the invention but anly
sarve o faciitsle the descriplion of the invention

{68] As used hersiny, the singular forms "a", "an”, and "the' include plural

refarsnds unlsss the context clsarly dictates ofherwise
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cen b

th N For the purposses of this specification and appendead claims, 8l numeris
valigs axprassing guantitins of ingredients, percantages or proportions of materials,
reaction conditions, angd other numerncal valies used iy the specification and olains, arg
o be underatond as being muodified in afl inslances by the e "about”, whether ¢ not
the term “showt” is expresely indinated.

07 Acoordingly, unless indicated to the contrary, the numernical paramelers

gt forth in the following speaification and alfached claims are approximations.
Notwithstanding that the nunerical ranges and parametars setling forth the broad soope
of the invention arg apgroximations, the numerical values set forth in the spedific
sxamples gre reporied 38 precisely as possible. Morsover, all rangss disclosed herain
are 1o be understood to encompass all subranges subsumed thersin, For sxample, a
range of ™1 to 107 indludes any and all subranges between {and including) the minimum
vatue of 1 and the maximurr value of 10, that is, any and all subrangss having 8

3

mintirmum value of egual o or greater than 1 and & maimum value of squal 1o or 8ss
than 10, e.g., & 510 10
{071 As used hereln, “mambranes” are defined ag porous bicontinuous

structures, most commonty prepared by casting 8 polymer disparsion ar solution o 3
desired shaps, whare the porous structure i formed by the 30 called “phase inversion’
process. Thoss skilled in the arf will readily recognize that phase invarsion can be
ancomplished, for example, by inducing pelymer precipitation in conlact with gas phasse

Bouid phase, or by temperature, Nonlmiting exampiles of the desirgd shapes of the
membrans include hollow fiber, figt sheet, or othey articles. Fibrous malerials, such ax

ass, which

e

woven and non-woven fabrics or mats, ususlly have g discontinuous solig pf
is formed by individual fibers entangled together. Fibmus matarnals are genarally nut

classifind as membranss
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{73 As used herein, “asymmetric membranes” are charasterized by having the
pove size of the membrans vary as a functan of bhealian within the thicknsss of the
msmbrang. Tha most common asynumelic membrang has a gradient structure, in which
pore size gradually and continuatly increases from one surface {often referred 1o ax the

i%

"tight” side) o the other {(often referred [0 as the "opery

£

side). Asymnatric membranes
generaily have 8 higher flux than symmetric mambranes of comparable thickness and
relention. When usad in the sonfiguration with their larger pore side upstream,
gaymmelne membranes have groater throughpil in many cases as compared to the
omparable symmetnic membranes. See, for example U.S. Pat. No. 4,861,834, sxuad
e B de Winter, on Ape. 14, 1881 Asymmatnic membranes have a thick, dense
surface region, Or in many case g skin formed on one surface and exdending somewhat

o its depth, @.g. a tight surfaes. See, UGS Pat. No. 4,828,583, ssued v W, Wrasidio,

73 The farm ‘calendering” refers 1o a process of passing 3 web Blrough a nip
between two rolis. The rolls may be w cuntact with each ather, of there may e g fiked
Qr variabis gap between the roll swfaces.

{074} The {erms "filter medium”, “filter madia”™, "filtration media”, or "iration
madium” rafer to a matedal, or collection of material, through which a fiuid carrying a
risroorganis contaminant passes, whereln microsrganism is deposited i or ontthe
matadal or collection of matenal,

{075 The terms "Hux” and "flow rate” are used inferchangsably to refer {o the

rate at which a volume of fluid passes through a filtralion medium of a given area,

{078} Tha 1 inanofiber” refars 1o fbharg having diameters or cross-sactions

generally less than about 1 wmy, typically varying from ahout 20 nm fo about 800 nm.
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v 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 svent ocours and instances whre § does nol.

178 The composite Sguid flration platforms of the present invention include,
for example, 8 composite liquid fitration medium featuring 8 porous slecraspun

anofiber liquid Hliration layer deposied on g porus membrang substrate, The
slectrospun nanofibers preferably have an average fiber diameter of showt 10 nm o
ashout 150 nm, a mesn pore size ranging from about §.08 am & about 1 um, a porasity
ranging from abowt 80% {o abowt 88%, & thickness ranging from about 1 um 0 abowt
100 pm, preferably from about 1 wav and about 50 um, more preferably bebvaen 1 wm
and 20 wr. The composite liquid filtration platforms taught herein have 3 watsy
permeability greatsr than about 100 LMH/psi.

{075 ire addition, the composite liquid filfration platforms taught herein have a

high retertion of microorganisms providing af least 3 LRY ratrovirus removal and at
faast 8 LRV of bactada and myvcoplasma, and prefersbly at loast § LRV of ratrovirus
remaval and 3! least 8 LRY of bacteria and mycoplasima.

s The slectrospun nanofibers are preparsd from a broad range of polymaers
and polymer compounds, including thermoplastic and thermosstiing polymers. Suitable
polymers include, but are not fimited to, nvlon, polyimide, aliphatic polyvamide, aromatic
polyarride, polysulfone, cellulose, cellulnss acetate, polyether sulfone, potvurethane,
polyiursa wethane), polvbenzimidazols (PR, polvetherimide, polvacrylonitrile (FAN),
polyiathviene tersphthalpie), polypropylense, polvaniing, polyfethylane oxidal,
poly{ethvisns naphihaiate), polyhulylene teraphthalate), styrene buladisns rubber,

polystyrana, polyiving! chiforide), polyiving alcohol), poly{vinylidene funride), poly{viny

i
fess
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butylene), polymethyimathacryiate (PMMAY, copolymers, derivative compounds and

snuds andfor combinations theraol.
1081} The term “pore sze” or "sffeciive pore sizg”, as usad interchangsably

herein, 1s @ maasure of the porous structure that i pradictive of its abdily 1o refain
particles of g carlain size. The effective pore size of a membrane or slactrespun mat can
he measured using conventional lechniques such as bublde point, Nquid-liguid
porometry, and challenge test with particles of 3 cerlain size, While severst mathods can
te used to determine the pore gize and gach can produce a siightly different
mgasurement, the sams measurament mathod s used hersin when a comparison is
made betwaen pore sizes of differend structiras, for example between a membrang amd

an slectrospun mat,

RESCRIPTION OF THE EMBODIMENTS

! Fig. 1 schematically depicts one ambadiment of the present invention
vheraein the composits liguid Rlfration platform indudes a composite Higuid filtration

madium having an electrospun porous nanciiber mat 80 made from 8 single slectrospun
colymenic nanofiber. The single nancliber 8 made by 3 single pass of a moving
oeoflaction apparatus 30 positioned botween a charged rotating drum 20 and a colisling
clentrode 35 through the electrospinning process. i will be apprecisted thatl a nanofib
web of mat can be formed by one o more spinning drums 20 running simultansously
above the same moving oollection apparatus 30

83} 1 Fig. 1. the moving collection apparatus 30 i preferably & maoving
agliention ball postioned within an electrosiatic field 50 balween the spinning chargsd

rotating drum 20 and the elentrode 35 The polymer solution 10 ocan be subjected n an
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sdecirinat polendial frorm a high vollage source 40, such thal an clectrospun polymer fiber
1 produced in the sleotric field 50

foad in other armbodiments taught heradn, the slectrospun firous mat 60 i

st

formed by depositing slectraspun nancliber{s) from 3 nylon solution, The resulting

nanciiber mat preferably has & basie welght betwaen about 1 g and about 30 gim?®,

trrt

as measurad on g dry basis, (e afler the residus! solvent has svaporated o1 been

PETTIE

\,.../

fanh frr other smbodimants taught hereln, the composite liquid fitration platform

sy

includes a vanety of porous single or multilayered membrane substrates or supports that
can be arrangsd on g moving collection balt fo collect and combine with electrospun
witbers) forming an clectrospun nanofiber mat thers
{86} Non-iimiting examples of single or multilayersd porous substrates of

supports include porous film awembranss, Porous inmembranes ave produced fom a

\

If/

variely of tharmoplastic polymers, including polyamidses, polysulfonas, polyvinyiidey
fuaride, polvtetrafivorosthylens, celldlose, cellulose sstars, polvadryionitiile, sl
RMeathods of produing porous film membranas include solution phase iwersion,
temperaturs-nduced phase separation (TIPS}, vaporinduced phase separation (VIRG],

solvert and chamical etohing, roorn ynperature and hoat-assisted biaxial strefching,

g combinations thereof.

{0871 The surface reughness of the porous membrane substrale of the
gomposite Hiiration mediuan that captures or coliacts the elecirospun nanofibers was
obsenved {0 at least partially daderming the propertiss in the resulting nanofiber layer of

the final composite flration structurs. For sxample, we have observed that the
smaonther the swlace of the substrate ussd 1o ooliet the slectraspun nanahibers, the

more wiform the resulling nancfiber Byer sfructurg. Imprints of palterns on the swtace

]
(]
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of a noarse spun-honded nonwoven subistrate used fo collent the elentrospun nanadibar
layer were obsarved o divsctly fransfer onto the resulling slectrospun ﬁaacsigy'@r layey

collacted therson. Moweaver, such pattemn imprinks weare not sean whan an alaclrogpun
nanofiber layer was collected on @ porous mambrans substrate having 8 smooth
surface. Electrospun nanchiber layers collected on the smooth surface of the porous
mambrang resutied in 8 fealuralsss” nanotiber layer formed thereon

1R8] in corlain embodiments of the composie quid filtration platform faught

herain, an slectrospun nancdiber layer s bondad o 2 porous membrane subsirate or
support. Bonding may be accomplishead by meathods wall known in the ant, including bt
it imited to thermal calendering bobwean haatad smooth nip rolls, ulirasonic bondin
and through gas bonding. Bonding the slectrospun nanofibed layer v the memiwang
support incraasas the strength of the composite, and the compression resistance of the
composite, such that the resuling composite fliration medium & capable of withslanding

forces associated with forming the composita fillration platform into usefyd Tiller ghapes

and sizes, of when insigliing the composite filtration platform inlo 3 filration device,
184 in other embodiments of the composite liquid fillration platform faugit

harsin, the physical proparties of the porous electrospun nanofiber layer such as
thickness, density, and e size and shape of the pores may be affectad depending on
the bonding methods used between the nanofiber laver and the membrane suppot. For
mstance, thermal calendanng can be used o reduce the thickness and increase the
gdensity and reduce the porosity of the slectrospun nanofibsr layer, and reduce the size
of the pores. This in turn decreases the flow rate through the composibs fitration

medium at a given applied differential pressurs,
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{8 frr genaral, ultrasonic bording will bond to @ smatller area of the
slectrospun nancfiber ayer than theematl calenddaring, and therslore hag 2 lesser effedt

an thicknass, density and pore size slectrospunt nanofiber laver.
j081] Hot gas or hot gir bonding generally has minimal effect on the thickness,
dansity and pore size of the slsctrospun nanofiber layer, therafore this bonding method
may ba prefersble inn applicaticns in which maintaining higher fluid fow rate is desied.
082 When thermal catendering s used, came must ba laken not o over-bond
the alactrospun nanofiver layver, such that the nanofibers melt and no longer retain thelr
structure as individugd fbers. In the extreme, over-bonding will resull in the nanofibers

melting compiately such that a film s formed. One or both of the nip rolls used is heatad

{'\.-*\

fo o temperature of between about ambient femperature, &.¢., abott 570 and abawd

e..-

3Q0°C. The porous nancliher madium andfor porous support or subshrals, can be

TR

compressed betwaen the nip mils at a pressure ranging from about 0 Bfn o about 100D
i (178 kgfomh
LSk Calendering condifions, 8.g.. ol temperature, nip prassurs and ting

spead, can be adiusiad to achisve the desived solidity. In ganaral, applivation of higher

tfemperaturg, pressure, andior residencs time under slevated lemperature andiar

pressurs rasulfs i increasad solidity.
0% Other machanical sleps, such as stretching, cooling, healing, sintering,

annealing, resling, unresling, and the ke, may optionally be neluded in the owmh
procass of forring, shaping and making the composite fittration medium as desired.
{005} The porosity of the composite fitration medium taught hersin can be

modified as g result of calendaning, wherein the porosity ranges from about &% to abowt

e
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{08 in oertain embodiments of the composite hguad filfration platfora taught

herein, the porous mambrans support substrate (e, used o oollect the elscrospun

rrarofiber layven) inchides st least one layer of & porous membrane adiacent annther
fwyer of 8 porgus membrane. For example, lavering of the porous mambrane substrale
improves particle retention. Lavedng porous membrans substrates of the same o
different composition is also uzed o improve the composite filfration medium
throughput,

87 {ther considerations for choosing a mulli-layered porous membrane
substrate v the composite liguid filtration platform include economics angd canvenience
of the camposite lquid fitration media, the processeas ussd o manufacture the fiquid
filtration device where the composits iquid flfration media may be instalied, ease of
sterflization and validation. The porous membrane substrates usad {o collect the
slectrospun nancfiber tayer(s) can be a single-layer or i a multiayer configuralion

wharein the preferred number of fayers that make up the porous membrane substrate &

often selectad based on practical consideratic
1388] Additionally, the benafils of the composite liguid filtration platform as

taught herein were ohserved o be morg pronounced al lowsr nanofiber mat
thicknessas, and therefore shorter spin times. These benefids can also be ulizsd on @
maoving wab that will directly ranslate into Taster production iing speeds. By spinning the
nanofiber layer on a smoother support swiface, the same bubible point was observed W
ba achigvad bul at a lower nanofiber laver thickness, These advantages resull in bolh
aconamic benefits from faster production rate, and in greater parmeabiity of & thinner
nanofiter layer.

{104 in wthar embadiments taught hereln, the composite liguid # tration platform

inchudes:
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G100 1) s porous membrrane support which does nol demonstrale &l retentio
of & refrovirus In a single iayer, such as

{01011 B the 001 um rated Millipore Bxpress™ mambrans avallable from EMD
Millipore Corporation, Bilerina, M4,

02 §) the Retropore™ mambrane availiabie from EMD Millipore
Larporation, Billerica, MA, or

10103] i) the 048 pm ratad nylon membrane or 0.80 wn raled non
membrans by Membrana GmbH Wuppsrtal, Germany, and

01041 3 & polymerio slectrospun nancliber dyer, deposited on the porous
mambrane support, and having a thivkness less than is used to achieve full retrovirus
referdion at higher permeability, fltration capacity {due to porous mambrane prafitiration)
and lower nanofiber production cost {(due o the low nanotiber layer thickness).

[G108]  In order v improve the throughput of slectrospun nanofiber non-woven
mats, electrospun nanofibers are produced by collecting the nanofibers on the tght sids
of an asymmetiic porous support membrane. The final structure of the composite liguid
fitration platform includes 8 composile filtration medium constructad such that the
LOTOUS support mEmbrans has Hggsr p it i3 Ughiest portion as compayed o the
porg size of the slectrospun nancdiber layer, so that the porous support membrane
serves as a prefiter and is located upstream of the elecirospun nancliber layer. Inthis
arrangemant of the composite filtration platform, the asymmeliic poraus suppot
membrana of the composite filtration medium provides the prafiliration capabiliies, and
tha slectrospun nanofiber layer provides the majordy of the microurganiam retention.

[0108] Two nondlimiting examples of the composiie Bguid fitration platform ught
hereln inslude 1) a composite firation sfructure or mediun fesluning 8 mysaplasma-

reterdive nanofiber mat (0.1 prverated) deposited on a 0.5 wn rated pradillsr porous

£
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membrane support, such as Millipore Exgxe%& {}*af ey membrane by EMD Mitlipors
Corporation, Billerca, MA, and 2) & retrovirus removal nanofiber mat (pore sizs <01
L) deposited on a 0.1 pm rated porous membrane support, such as Millipors Fxpress™
SHE membrane by EMD Milipore Comporation, Billerina, MA.

G167 Mhile the composits liguid filtration platform featuring & prefiiration porous
support membrane and & microorganism ratentive nanofiber layer exhibits compints
retention of microorgamnisms provided thereon, neither the porous support membransg
niod the nanofiber corponant of this composite are reguired o damonstrate complele
microorganism retention whan tested alone. By way of g non-imiting exampb,
partially bacterial ratentive nanoliber layer is spun on a partially baclerial retentive
prefiter porous membrane suppor! having 3 0.8 pm rating, such as Millipore ik;“i’PS“:
SHC filter, by EMD Millipore Corporation, Billerica, MA

O8] Frocess for producing slectrospun nanafibers

1091 The processes for making the slectrospurn nanofiber layers ars taught, for
axgmple n WO 2005024 101, WO 2008/131081, and WO 2008108803, sanh
incarparated harein by referance in thar entively, and each asgigned o Bimarce s,
of Libhereg, Czeoh Republic

G110 WO 2005/024 101, tilled “A Methad OF Nanolibres Praduction From

%
::j
o
o
Lems
et
s
o
H]

Folymer Solution Using a Electrestatic Spinning And A Device For Carng
Mathod®, teaches, Tor axamples, producing nanofiben a polymer solution insele a
vacuum chamber using electrostatic spinning in an adectric finld crasted batwean a
retating charged slectrode and a pounter slectrode having a differant potential,

111 The polymer solution s held in a containar having at kast one polymar
salution injet and outlel. Tha inle! and outlet serve o ciroulate the polymear solution and

maintain the polymer solution at a constant haight leve! in the container.

)
3
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[O11E] An auxiiary drying av supply, which can be heated if nesded, & located
batweaen the charged slectreds and the courter electrade. One side of the rolaling
chargsed slectrods i mmersed &y the pelymer solution such that a portion of the solution
s faker up by the outer surface of the rolaling chamged slectrode, and spun ino the
region of the vacuum chamber balwsen rafating the chargad slectrode and the counter
glgctrode whete the glectic field is formed. There the polymer solution forms Tavlor
oones having a high stability on the sufacs of the wolating charged electrode which
presents incations for primary fermation of the nanofibers
01131 The counter electrade has a eylindrical surface made of a perforatad
sonducting matenial that forms one end of & vacuum chamber connsctad {0 a vacuum
sourns. FParl of the swrface of the counter elacirods located near the rolating chargsd
glectrode, senves as 8 conveyor swrface for a backing Tabwic material which supports the
slectrospun nanofibers when depositad thereon. The backing fabiric support matenal i
positioned on an wirssling device arrangad on ene side of the vacuum chambsy and on
3 recling devios arrangsd on the other side of the vasuum chamber,
{0114]  The sffects of the elect fisld cause the fonmed nanofibers to drift away
@ the counter slectrods, and are conssguently deposited on the surface of § se backing
fabric supporting matarial into a nanofiber layer. The thickngss of the nancliber i
pontrofled using the veloody of the unmzeling and the realing devicss
IOH8] The diift of the rnancfibars away of the charged slectrode to the counter
slgctrode s promoted by streaming of air suckad info the vacuum chamber and passing
along the palymer solution container and the charged slectrode and passing through the
backing fabric presenting plane supporting material of the nanofibers and the counter
stectrode,

0118 Test Methods
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(31171 Basis weight was deferminad according to ASTM procedurs [:3778,
“Standard Test Msthods for Mass Per Unit Area {(Weyght) of Fabrid”, which is
inoorporated hersin by reference in its antirety and reported i g/m”,

[0118]  Forosity was caloulated by dividing the basis waight of e sample In gim®
by the polymer density In glem®, by the sample thickness i micrometers, multiplying by
100, and sublragting the resuiling numbse fram 100, Le., poroaty=<100 - [bawis
waightf{density » thickness) x 1401

I0118]  Fiber diameter was determined as follows: & scanning slectron

micrgseope {(SEM) image was taken at 40,000 or 80,000 tmes magnification of sach

side of nanofiber mat sample. The digmeter of tan {10) desrly distinguishabig

,)

nanofibers were measurad from each SEM image and recorded. rraguiantas wers not
included {Le., lumps of nanciibers, polymar drops, intersections of nanofivers, elo), The
avaerags fibsy dlametsr for Doth sides of gach sample was calcuiated and averaged o
result i1 @ single average fiber dlameter value for each sample

(31201 Thickness wax delfermined according o ASTM procsdure IMT77-84,
“Standard Test Method for Thickness of Textile Materials”, which is incorporated herain
by referanoe in its entirety, and is reported in micromsters {m).

21 Mean flow bublds point was measured according to ASTM procedure
Designation E 1204-88, "Standard Test Method for Pore Bige Characteristing of
Marbrane Filters Using Automated Liquid Porosimeter”, by using automated bubbls
point method from ASTM Daesignation F 318 using a custom-built capillary flow
porosimeter, in principle simidar (o a commercial apparatus from Porous Malenials, Ing
(PRAN, fthaca, NUY, Indhvidusa! zamples of 25 mim in dlameter were watled wath soprapyl

alonhol Each sample was placed In 2 holder, and a differential pressurs of awwas

appiied and the fluid remaovad from the sample. The differential pressure at which wet

fus
v
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flow 18 enual W ong-half the dry flow (ow without wetting solvent) is ussd 1o caloulate
the mean flow pore size using software supplied by PML

10123 Fhid s the rate al which fluid passes trough the sample of a given ares
and was measurad Dy passing delonized watey twrough filler medium samplss having &
diameter of 47 (9.6 om® filtration avea) mm, The water was forced through the samples
using about 25 i Hy vacuum on the frate end via 3 sule anm Hask

{0133] The offective pore size of the eleciozpun mat was measurad usi 310
corvantonal membrane fechrigues such as bubble point, Nquid-ipudd poromstry, and
challenge test with particles of cerlain size. | s generally known that the stfective pore

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

pOrOsiy.
[3124]  Bubble polit test provides & convenient way o measurs sifactive pore

size. Bubble pointis calculsted from the following equation:

Fs 638
0128 # ,whare P s the bubble poiit prassurs, v is the swface fansion
of the probe fhind, ¢ is the pore radius, and 8 is the liguid-solid contact angle.

oo,

{01281  Membrane manufaclursrs assign nomingl pore size ratings o commercial
mambrang fitters, which arg based on thel retention charactaristics.

{01271 Ratrovirys retaation

(01381 Relrovirus relention was tested using the following test method. The
bacteriophage PRY72 challenge stream was preparad with @ minimum tier of 1.0x10°
afufmil. in a phosphate buffer saline (PRS) soludion. Porous media 1o be lested wave ot
w1 25 mun dises angd sealed vt avernmolded polypropyiene devices of the ’«amv} tyw? B
the OpliScala 25 disposadle capsuis fifter devices commaenially avatiabis from EMD

Millipore Corpocation, The devicss include an sy vent 1o pravent aly logking, and have

s
oAl
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n effective filtration area of 3.5 o', Thess devioes were then chalienged by the above

o

mentiongd stream at § pal pressurs afler baing weat by waler 3t 25 psl pressire. The tast

P

§.

WHS i&fmm&*e} aftes 100 mi of fillrats collection or after 4 hours of Sllration, whichsver
came first. Quantification of bacteriophages in the inllial and inal fsad ware conductad
on plates incubated ovarnight using & light box and a colony counter. Corresponding log
retention values (LRY) were calouistad.

31291 Myooplasma relention

{180 Mycoplsams retention was measurad by challenging the membranes wilh
87710 colony forming units per square om of membrane {OF Uil The devices
were challengsd with 50 mi of dikided Acholeplasma aidiawil (AL laidiawii and than
flushed with 50 m! of mycopiasma buffer for a tolal of 100 md. The full 100 miwas then
filtered through g 0.22 wn sterilization membraneg, Then, the procedure as laught in WO

200032040, assignad to EMD Milipore Corporation, Billerica, MA, was followed,

wharein a mathod for ratention testing sterilizing grads filters comprises: a} providing &
sfook of A, laidiawdl by growing up the stock of AL laidiawdl Tor about 3¢ hours orlesg in @
single serum-frae growth medium that supports call growth o 3 high Her and yislds a
cetiular morphology where the cells are small, degraded and spherical, thareby
produchg a bacterial culture; o} challenging a test filter by filering the bactedial culture
through the test Biler at 8 known challengs level, thereby producing & Hltrate
downstream of the test filler; and d} defecting concentration of A laidlawit in the filtrate.
Serum-froe growth media for cullivating o storing A, laldiawdl are also desoribed.

0131 Brevundimona arata (B diminda) retention was measumd in
accordance with ASTM procedure F8E8-H3, “Standard Tenl Method for Delarmining

Pacterial Retention of Membwane Filters Utitized for Liguid Filtration”,
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™

{0132] Nanofibar samplas wizre produced on NS Labk 200, (Eimarco sro

Libmese, ), 2 iab scals ol whave nanchbers are collectad on a porous support that is

fixad over the spinning electrods. Samples prepared on this histrument will be refarrg
o as “static mode”.
01331 Samples were also produssd on g NS JWIB00U, (Eimarcs s.r.o. Liberes,

T2y, retrofitted with a 50 om long slectrode. On this instrumant, samples were produced
sontinuously in a ol to rol bass whare e subsirate moves ovey Twes spinning
alectrodes &t a constard speed. This sample preparation methad is referrad o as
“dyniamic mode” in the Examples.

[0134]  Hersinafter the composife liquid fitration platform will be desoribed i
more detall in the following examples. The examples of the present invention will
demuonsirate that a composite electrospun nangfiber mat can simuitanesusly possass
both high permeability and hygh retantion of bacleria, mycopiasma, o7 retrovirus.

{01381 Example 1. Comparison of slsctrospun nanefibsr mats produced on s
nor-wover versus on nanofiber mats produced a membrang

1361 The composits Bguid Sliration platforms provided herein include nanctiber
lyars made by clechrospinning a solulion of Nylen 8 polymar. The Nylon 8 is supplisd

3

by BASF Qorp., Flatham Park, NJ, USA, under the brand name Ultramid® 824

e

he
spinning solulion was prepared by miking 13% Nylon 8 (Ultrami 1™ grade B24 N OF) with
a blend of acstic acid, forrnie acid and water {221 weight ratio) for about & hours &t
SO0, The viscosity of the resulting solution was about 100 oF. The solution was
romnediately spun using a Sawire spinning elsctrode undesy B2kY alectrio fisld at different
collechon fimes {gpin time)
{O137] For nanofibars spun on conventional nomn-waoven Suppons, an

<&

antistatically-coated nor-woven spunbonded polypropyisne material, gyvailable from

£y
Lt
pesd
Lo
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ATEX Inc, Gainesville, GA, USA under the hrand name Axar & SBPP 30 gsm, was
used,

[3138]  For nanclibars spun on a porous membrans, a 028 1o rated asymmetio
sterilization grade PES membrang, available as Expr rass” QHF from BMD Millipors
Corporation, was usad,

[138]  The averags fibee diameter of the electrospun mat produced was ghowt
2530 nyme In an effort to quantify the property changes associaled with the different
matgriale usad for nanofiber mat aollection, the IPA bubble point, ag defined above, of
the composite structures as a function of spin Bme (which is usually dirsctly proportional
o nanotiber mat thickneas) was measurad,

0144 Figure 3 depicts the BP increase of 25 nm polyamide fibers spunon g
NORWOYEN vE. 30 squivalent polvarnide nanofiber spun on an asymmeatnic §.82 pm rated
rambrans.

{0141] Example 3 Manufacture of mycoplasma-retentive compaosite fgud
filfration platform inchuding a composis fillration medium featiring a nanofiber laysy and
g support membrang,

{01423]  The spinning solution was prapared by mixing 14% Nylon & (Ulramid®

p

B2V E 01 solution with 8 blend of geelic soid, formiv adid and water {2:3:1 waight ralio}

o

for 8 hours af 81°C. The solution was immediately spun using 8 S wire spinning

et

alectrode under BZkY alectric field. The non-woven supporied mals were spun it statin
mode with a spin ime of 45 minutes. The porous mambrang/manofiber composile
samples ware spun in dynamic mogde whers the subsirate, a8 membrans with a 8.8 um

rating (prafiter layer of Milipore Express®™ SHO filter, EMD Millipore Corporation

paad. The nanofiber

o

Bdlerica, MA}, was moving over spinning slectrades at a constant

feyar was pesled off the nonewoven substeate fiv tssting, When the aanofibear was

[y
s
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alechrospun on & mambrang, the membrans was sapt together with the nanolibsrin
subsequant testing. Next, disk samplss were ol and placed in overmolded devices
dasuribed above for retention testing. Figure 4 shows permeabilities of two samples of

sirnilar myoopiasma retendion (= 8 LRVY nanofibar mat sput on Coarse nanwoven and
o mambrane,

{01431 Example 3. vestigation of spin time in manufacture of mycopiasma-
retentive nanofiberimembrane composide. Figure 5 depicts ryooplasma retention
increase with the incrsass in the thickness of nancfiber layar, A composile sample for
mycopasma retention comprising a membrang with 8 0.8 g rating {prefitler layer of
Milipore Express® SHO fiter, BEMD Milipore Qoporation, Billerica, MA) and 8 nanofiber
fayes were proven 1o be fully retentive at spin timss 3l and shove & minutes,

{31441 Example 4. Manufactive of 8. diminuta-retentive composite Hquid fillration

>

N

oatform including 8 composite Slration medium featuring 8 nanofiber laysr and 8
support membrang composite filfration medium,
{01481 The spinming solution was prepared by misdng 13% Nylon & {(Ulramid®
grade B 24 N 02) with a blend of acehic atid and formio acikd (2.1 weight retioy for §

I o

hours at 30°C for the coarse non-woven supported case and by miking 12% Nylon 8

{Uttrarmid® grade B27 E 01} in a blend of acatic aid and formic acid {2:1 weal c&*t ratio}
for & hours 3t 80°C for the composits Sitration platform festuring 8 porous suppart

mambrang and a nanofiber ayer, The solution was immediataly spun using a S-wirs
spinning slectreds under 82kY slectric field. The coarse non-woven supported mat was
spun iy static mods for 30 minwtes and the membranafnancliber compositas wers spun
in dynamic mode where the subsirate, a membrane with a 1.5 pm rating {prefiller layer
of Millipore Express® SHC Siter, EMD Millipors Corporation, Billerica, MA), movas over

spinning electrodes at a constant speed. The nanofiber layer was peated off the coarse
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non-woven substrats for lesting. When the nanofiber was spun on & membranse, the

membrane was kept togather with the nancfiber in subseguent testing. Nex, disk

sarnples warg cut and placed in 47mm slainless sleal hulders for retention testing
Figure 6 shows permesbilitias of two samples of similar B. diminuta relention {» 3 LRV}
rranofiber mat spu O ooarss non-woven and on membrana.

N

[3148]  Dxample 5 Manufacturs of a composite Iuid filftration platioon including &
composite Hguid fitrstion medium fealuring a refrovirus-retentive nanofiber yerand 8
QOrGUS support mambrane,

[0147T The spinning solution was prepared as a3 12% Nylon & {Ulramid® grade
B27 E 01) sclution in a mixlture of seetic acid, formic adid, and waler 8301 waight ratin)
for § hours at 80°C. The solution was immaediately spun using a S-wirs spinning
electrods under 53RV slectric field. The symmetdic mats wears gpun in static mode with a

)

spin ima of 30 minites. The mambrang/ranofiber composite samples wers spun in

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

spaad. Next, dise samples were out and placsd in overmolded device
testing. The nanofiber layer was peeled off the normwovers substrate for testing. Whan
the nanofibss was spun on 3 membrane, the mambrans was kept together with the
nanofibey in subsagquent legting. Neaxi, disk samples were cul and placsd i ovenmolded
devicas described abaove for retention testing.

01481 Both samples (non-woven supported mals and membraneianafiber
composites) were tested for refention in & fwo layer wat. The plotted values for
mambranafanofiber composites nolude the additional resistance of two layers of
nrefilter membrane. Figure 7 shows permeashifities of two samples of similar Relrovirus

retention & 8 LRV nancfiber mat spun on a coarss nonswoven and a nanofiber mat

£

(V]
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spun on & memnbrane, Table 1 demonsirates IFA bubble points fur support :;“}
mamibraneg and the composites manufactured according o the sxamplss.
0148]  Table 1. Bubble points measured for supporting 0.8 um membrans and

for membranafnancfiber composte

Mean Flow Bubble Point {pai
Membrane Composite | % inorease
Example 2. Mycoplasma 17 111 653
retention » ¢ LRV
Example €. Bacteria 17 3 153
retention » @ LRY
Example 5. Rafrovirus 17 101 594
® stantion » § LRV

,‘;s

{01371 Exampls 8. Filtration throughput of 8 composie quid filtration platform
neluding a composite Nquid filtration medium fealuring @ retrovius-refentive nanoliber
laysr and & porous suppott membrane.

0138} Figurs 8 depicts capacily cormparisons of membrane/nannfiber
gompositas va, mambanss spun on coarss nor-woven of same nanciber and simiar
refention for Mycoplasma. Throughput tests wers done using 8 g oell culture media
stream thal s customanty used to tes! mycoplasma-retentive membranas with prefilters.
This media stream cordaing 2 g/l Peplone from Sovmeal (Papaic) available from EMD

fe

Charrticsls, 2 subsidiary of Mesck KGgh, Danmstadt, Garmany; 1 g/l of Plwronic BB&

N
R

7 gl sodium bicarbonate; and 10 g/l HyClone Powderad Vissus Culturs fMedis

DMERHIgh available from Therme Saentifio Waltham | M&. The porous

Hz
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memiranafnanofiber compaosite structre has a byl in prefiler layer, a porous
membrang with a 0.5 um rating {prefilter layer of Millipore Bxpress” SHC fiter, EMD
Miipore Corporation, Billeroa, MA) which protects the nanofiber laysy from eady

plugaing, and thus enables the compaosite structure to exhibis higher flfration

throughputl

{13 Methods of use
{01401 The compaosite igusd filtration platforms in accordancs with the presant

reention are useful in the food, beverage, pharmassuticals, bivtechnology,
minroelectronics, chamical processing, waler treatment, and other fgudd frestment

industiriss,

AR The composite Buuid filtration platforms a ight harsin gre a highly
effechive composite for filtering, separating, identifying, andior detecling microorganiams

fromy & houild sample or Bguel stream, as well as ramoving viruses or pardioulates.

131421 The composite iguid filtration platforms as taught hersin are parficularly
useful i qritioal Ritration of sclutions and gases tha! may come into contaot with ar may
cortain pharmaceutical and biophammaceutical compounds intendad for human o
animal administration.

1143 The compaosils ligud filtration platforms as tsught herein may be usad
witht any Bguid sample preparation methods including, but not lmited o,
chromatography; high pressure fiquid chromatography (HPLC) slectrophorssis; gel
fitration; sample centrifugation; an-ling sample preparstion; diagnostic kits testing;
diagrostic testing; high throughput sareaning, affinity binding assays; purification of a
fguid sample; sive-based separation of the components of the fluld sampls; physical
properties based sepgration of the components of the Huid sampls, chermical propsrties

hased zepargtion of the componsnis of the fuld sampls; Diological propertss based

I
¥
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ssparation of the componernts of the Huid sample; slectrostatio properties based
saparation of the components of the fluid sample, and, combinations thereol

{01441 The composite Hquid filtration platiorm as taught herein nan ba g
somponent or part of a lgrgey Hllration device oF system.

{0145] Kitg

[13148] The composite filtration medium as taught herein can be provided as a
xit, which may be wed {o remove musrcorganisms and pariculates from a iguid sampis
o stream. The RiUmay comprise, oy sxample, ong of morg composite filtration mediam
nohding an electrospun nanofiber hguid filtration layver on g pomus membransg substrte
as taught hereln, as along with ong or more liquid filtration devices or suppaorts for
incorporating and using the composite Hitration madium,

10147} The kit may contain ene or more control solutions, and may optionally
nclude vanous buffers uselul in the methods of practicing the invention, such as wash
huffars for eliminating reagents or eliminating non-spadfically retained or bound materiad
may optionatlly be included i the kit

{01481 Other aplional kit reagents include an elulion buffer. Each of the bullers
may be provided in a separate container as a solution. Altlematively the buffers may ba

orovided i dry form or 3s a powder and may be made up as a solution acoording o the

P

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

10149} The Kit may provide a powsr soure in instances wharg the davice is
automated as wall as a means of providing an sxdermal foree such a8 a8 vacuum pump.
The kit may also ncluds instructions for using the electrospun nanoliber containing
fguid Sltration medium, device, support or substrate, andior for maling up eégﬁ S

suitabls for use with the invention, and mathods of practicing nvention. Optional

g
SO
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sothware for recording and analysing data obisined while practicing the methods of the

invention or whie using the deviee of the invention may also be includsd,

{0150 The ferm "kt includes, for example, sach of the components combingd
frea s 3@ package, the components individually packagad and sold ogsther, o the

components presentad together ur 3 calalog (8.9, on the same page or double-pags
spread in the catalog).

{015y} The disclosure set forth above may sncompass multiple distingt
inverdions with independent ulility. Although each of these nvantions has basn
discinsad i is preferred formis), the specific smbadiments thersol as disclused and
Hlustrated herein are not {o be considersd o 3 limiting sense, bacause f‘gus‘néi‘mzs
variations are possible. The subject matter of the inventions includes all novel and
rronebvious combingtions and subocombinations of the various slemants, fealures,
functions, andfor propertios disclosed herairn. The follewing daims particularly point owt
certain combinations and subcombingtions regarded as novel and nonobwvicus
Invertions embodisd iy other combinations and suboombinations of features, funclions,
slements, andfor properties may be ciaimed in applications claiming priorty from this or

reladed application. Such claims, whather directad to o different invention ar tu the

o

same invertion, and whather broaders, narrower, squgl, or differsnt in scope o the
original claims, also ave regarded as included within the subject matter of the wentons

of the presant disciogy
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WHAT & CLAIMED &
1. A porous composite media comprising:
a pornus manbrans, and
3 porous polymede nanofiber faver locatsd on the membrans,
wharsin the pore size of the nancofiber laver is smaller than the pore sizs of the

mnhrang.

2 The composile of claim 1, having a bubble point as measured with 3 suitadis thed
of at sast 20% greater than the bubble point of the membrans alone,
3 The composite of claim 1, wherait the membransg & asymmatnic and includes

tight side.

4, The composite of olaim 1, wharein the nanofiber laver & symmatiic
. Thi composite of olaim 1, whersin the nanofiber fayer is an slectrospun ma

8. The composie of olaim 1, whereln the nanofiber ayer comprises g polymer
saleotad from the group consisting of polvimide, aliphatic polvamide, aramatic
polyamide, palysulfone, celiulose acelate, polvether sulfone, polyurethane, polyiirea
urathane), polybenzimidazole, pulystherimude, polyacrvionitiile, polyietindens

teraphthalale), polypropyiane, polvaniding, polylethylens oxide}, polyiethylens

=

naphthalate), poly{butylens lerephihalate), styrene buladisne rubber, polysiyreng,
pubyivinyt ohinride), pobyiviny! alcohal), poly{vinyiidens Huoride), poly{vingt butylenal, &

apolymer, derivative compounds, or blends thereol,

¥

7. The composite of olaim 1, wherain the nanofibar layer comprises an aliphs
solvamids,
& The composite of claim 1, wherein the nanofiber layer comprises a blend of

polymers, copolymers, and mibtwes thevenf.
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¥

4. The compoeste of olaim 1, having 3 tolal thickness from about 10 gm o about SO0

U,

10 The composite of clasn 1, having a2 total thickngzs from about 50 it o about 00
uen,

7

110 Ths composite of claim 1, whersin the nanoftber lavey is formead by a process
selectad from the group consisting of slectrospinning and slsctrobiowing.
12, The composite of clgim 1, wherein the nanofiber laver has a thickness from abowt
1 i o about 00 pm,

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

14, The compasita of claim 1, wherain the nanofiber layer has a thickness frem shout

um o about 3% um.

o~
Py
)

15, The cumposts of claim 1, whersin ihe membrane has a thicknass from abou
um to about SG0

18, Tha composite of claim 1, wherein the membrane has a thinkness from sbout 84
um o about 200 wm.

17. The compnsite of claim 1, wharein the mambrane comprises one or mae layars

produces by solulion phase twersion, thermally inllisted phass separation, vapor

nduned phase separation, rack efching, biaxial stretching, solvent atohing and
combinations thereof.
18. The composite media of olgim 1 with mean flow bubble point for isopropanod

from about 10 pst to about 138 pst
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18 A porous composife media for filtration comprising
a porous agymmetic mambrans having a tght side, an open side and a pors
sz InorEasing in size bebween the tight side and open side, and
& porous polymetic nanofiber layver located on the lght side
wharain the pore size on the tght side of the mambrane s larger than the pore

size of the polymaeric nancfiber layer.

20, A composite liration device for use in oritical fiftration comprising:

Htar having & porous asymmettic membrane having a tght side, an open

N
it
3
53]
]

e size ncreasing in size betwaen the tght side and the open side, and

~

3 relentive filter having a porous polymeric nanchiber layver locatad on the ight

side of the asymmatric mambraneg, wharein the pore size on the tight side of the

axymmatic membrane is {arger than pore size of the polymenc nanpfiber laysr

480



