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NANOFIBER CONTAINING COMPQSITE STRUCTURES

CROSS-REFERENCED TO RELATED APPLICATIONS

1001 This application claims the benefil of U5, Provisional Patant Apphogtion
Mo B1ATOT0S, filed ot Aprlit 1, 2011, the entive covfents of which ans incarporatad by

refavence harain,

DESCRIPTION OF THE INVENTION

Fakd of the Inveniio

ey The present invention relates generally to liguid filtration media. Iy cerlain
smbodimants, the nvention provides 8 composite liquid filtration platform and mathods

of using and making the same T the redention of migrourgantams from a filtersd By

Sackground of the frvention

103 Syrithetic pobamars have beern formed info webs of very small diamelsr
fibers, (La., diameters on the order of a few microns {um) or less), Lsng vanious
processes such as med blowing, alpctrosiatic spirming and slectroblowing. Such webs
have bean shown 10 be yseful as lquid barrier matarials and fiters. Often they are
combined with stronger substrates o form composiies,

0] Composite porous shructures arg witdely used in filtralion and sepgration
apphcations. The ferm "composite” as ysed hereln, imples hatl @ combination of two o
maors membranes of different pore sizes, pore morphology andfor matedals we wsad I
create the final composite porous structura,

{D05] iy membrane fltration for example, @ composie can contain wo o more

oz

pornus laysrs having distinetly different pore structures, By combining i\xaa oS
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fayers of porous material having a distinetly different pove structures i a somposite
filtration membrane, signdicant gains can be achieved in Hation effivlency, threughps,
and mechanioal robusiness, By way of example, compositas can be formed by
subseguent layering of separalely manufactured porous materials, casting a second or
mors favers onto a preformed first layer, laminating two or more preformed layers
together, or by cofarming bwa or more layers simullansously, as taught, for sxampls
.S, Patent No. 7 220 865 gagigned to EMD Miliipors Corporation

{D08] Biopharmaceutical manifacturing is constantly lopking for wavs W
streamiing operations, combing and eliminate steps, and reduce the fime i takes o
process sach baloh of phamaceutical drug substances, At the same tme, market and
reguiatory prassures are driving biopharmaceutical manufaclurers {0 reduce thelr costs,

Sines hacteria, mycoplasma and virus removal account for a significant percentage of

v«r

the tobal cost of pharmaceutioa! diug substance purification, approaches that increase a
porgus menmbrang's flration throughput and reduce purification processing lime ara
very rmusly in damand.

0T With the introduction of new prefiliration media and the coresponding
increases in throughput of bacteria, mycoplasma and virus retentive filters, the filtration
of feed streams is becoming feclimited. Thus, dramatic improvemants in the
permeabiily of bactady, mycoplazma and virus rstentive fillers will have 8 diredt
beneticlal npact on the cost of a bacterig, mycoplasma and virus fitration stepish

08] Filtars used i lquid filtration can generally be categorized as either fbrous
norewaven media filters or porous Bilm membrane fillers,

{00Y Parous film membrane liguid flters o other types of filration media can be

used sither unsupportad or it conjunction with & porous substrabs or suppast. Porous

$ot
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fitm Squid filtration membranes, which typically have pore sizes smaller than porous
fibrous ror-wover medig, can be used wr

{10 (&) mviorofiitration (MF), wharslh particulatas filterad from o liguid are
typically in the range of about 81 pm o ahout 10 pny;

{011} {b) ulirafiltration (UF), wherein particulates fltersd from a liquid, ave
Wplnally in the range of sbod 2 nanomaters {im} to abowt 01 umy; and

012l {¢) revarss asmoms (RO}, whersin particuiate matier fiterad from a liglad,

o

are typically in the rangs of shout 1 A to about 1 nm

RN Retrovirus-retentive membranes are usually considerad {o be on the open
and of ulirafilration membranes.

{14} High permsability and high reliabls retention are bva paramste s dasired in
& lguid fitration mambrane. There is, however, a irade-off between these twvo
parameters, and for the same type of fgud filtration membrans, greater retention can be
achievaed by sactificing penmeabidity. The inherant Imilations of convarntional processes
for making Bguid fitration membranes pravent membranes from exceading & certain
thrsshadd in porosity, and thus limits the magnituds of permeability that can be achisved
at any given pore size.

Y Fibrous non-woven Bquid Sitration meds include, g are not imitsd o,
non-woven madia formed from spunbonded, malt blown or spuniased suntinuaus fber

hydroemntangled norwoven media formed from carded staple fibar and the ke, andfor

cornbinations thersol. Typically, fbrous non-woven media filfers used in liguid filfration
have pae sizes generally groater than shout 1 micron {Jen).

18] Nom-woven materials are widely wsad in the manufaciure of fillration

producits. Plesled mambrans cartridges usually include nonwaven maledisis as a

drainage laver (for example, ses U8 Patent Nos, 6,074 888, 5 848 438, and 5683, 054,

]

A
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aach azsignad o Pall Coporation; and U.S, Patent No. 8,508,748 assignsd o Cung

Ing, now M Purtfication ine)

1T Non-woven microgoraus materials can also be used as a supporting
sorean for an adigoent porcus membrane layer ocaled thereon, such as Blomax@

pitrafittration membranes hy EMD Millipore Corporafion, of Bilericg, MA
1618} Mon-woven microporous matgrials can aigo be ussed as supporting
skeletons {o increase the strength of a porous membrans located on the non-woven

microporous strusture, such as Milligard™ filters also avallable from EMD Millipore

Larporation.
{14 Norewoyen ricroporous malenaly can aise be used Ry “coarse

orafilfration” to increase the capacity of a porpus membrane placed downstream of the
aon-woven risreporous material, by removing suspended particles having diamelsrs
that are gengrally grester than abowt 1 um. The porous membrang usually provides a
oritical blosgiaty bavier or structure having a wel-dedined pors size or moleoudar weight
cut-off. Critical filtration is characterized by expected and validaiable assurancs of a

High degres of removal {typically »08 89%, as defined by specified teats) of
microrgardams and viral particles. Critioa! fifration is routinely refied upon o ensure
steriity of Sguid drug and liquid biophamaceutical lsmulations st nwlliphs
manufacturing sfages, as wall as al poud of use,

0201 Meit-blown and spunborded fibrous media are often referred to as

“traditional” or “conventional’ non-wovens, Fibers in these tradidional nonbwovans ars

usually at lnast about 1,000 ryn in dimeter, tharefore the sffective pors sizes in

UJ
'.-3
=

tradiional non-wovens are graatsr than ghout one micron. The methods
manufacturing raditional non-wovens fypically lsad {o highly inhomogenenus fier mals,

0211 Historically, the rardom nature of conventional non-woven mat formation,
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such as hy meltbiowing and spur-bonding, has led to the general m%:\mp’; o that noane
woven mats ans unsultable for any oritical Sliration of Houid strsams, and as such,
filtrgtion devicss incarporating conventional non-wovans mats typically uss thess malg

far prefiltration purposes only in order {o increase the capacily of 8 porous oritioal

filtration membraneg placssd downstream of the conventional nor-wovens mats.
1082 Another type of non-woven includes electronspun nanchiber non-woven

mats, which, ke “radiional” o "eonventional” nonwwovens have been ganerally
asswned unsuitable for the oritical Bltration of iquid streams, (See for exampls, Bjowgs
af al., Performance assessmant of electrospun nanofibers for filter applications,

Desalingtion, 248, {2008}, 542-848).

{083} Elactrospun pohymeric nanofiber mals arg highly porous, whargin the
"nore” size is approximately insarly proportinnal to the fibar diameter, and the porosily is

relatively independent of the fibey diameter. The porosity of an elestrospun nanafiber
mat usually falls in the range of about B5% fo B0%, resulting i a nanofiber mat that
demonsiraies dramatically improved permeabiity when comparad 10 inunersion cast
membransys having a similar thickness and pore size rating. The porosity advaniages of
slectraspun polymeric nanofibey mats over porous membranes bacomes amplified inthe
smalier pore size ranges typically required for virus filtration, because of the redunsd
gorosity of UF membranes discussed supra.

{024} Elsctrospun nanofiber norewovern mals arg produced by spinning polyme
sotutions or melts using slectic potential rather than meliblown, wetllaid or extrusion
manufacturing procasses dsed in making comventional or radifional nanwwovens. The
fibar diameters fypically oblained by slecirospinning arg in the rangs of 10 nw to 1,000
rn, and are one (o three orders of magniuwde smaller than conventional or radition

ROFWOVans.
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{025 Elgctrospun nanofiber are formed by pulling a dissolved or molten polymer
material adiseant i & Hst glectrode and applying an elechnicad polentisl such that the

digsohed or molten polymer malerial is drawn away from the first electode loward s
second sdactrades as a fiber. In the procsss of manufacliging slectmspun nanofiber

v

mats, the fibers are not forced to lay down it mals by blown hot aiv or othey mechanics!

moasns thet con iead o 8 vory road pore size distribution. Rather, elecimspun
ranofibers formy a highly uniform mat becauses of the mutual slsctical repuision between
the slectrospurt nancfibers.

{28} W 2D08H108117, assigned 1o £ 1 Du Pont De Nemours and Comparny,
teaches uging a porous nancliber layer as a depth fillration iayver (Lo, 8 prafiffen) foran
adianant porous membrane that has 3 37 LRV {L.e., LRV is defined as logarithmic
retention valus whare 3LRV is squal to 0.999 filtration efficiency) for a certain particle
size. WO 0087109117 taches that the nanofiber laysr has a fitration efficiency rating
of at least 85% for a particle size at which the mambrans is rated with an LRV of 3.7 ar
graaler, WO 2008/108117 purports I t2ach that the role of oritical filtration is reservad
for the porous membrane, rather than the rnanofiber layer,

{027} WO MHOTE02, assigned to EMD Milipore Corporation, teaches
nanofibar mals having a specific thickness snd fiber dlametsy offer an improved
sombination of Hguid permeability and microorganism ratention. Genarally, nanofier

mats offer 2-10 imes beotter permeabilty than thelr porous membrane counbyrparts of

22

comparable retention, this is thought o be a consequance of the nanofiber mats havin

& hgher porasity {(~80% vs. TO-80% for a typical wet casting porous membrang).

28] Electrospun nanofiber mats can be manufaciured by depositing fibers on
convantional spun-bonded nor-wover fabric (examples of & face o face interface of &
non-woven and & nanofiber aver ars taught in WO 20087010080 assy {o Elmarco
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s.0.0.; and i US Patent Application Publication No. 30084188717 assignad o Clarcor
Ing., each mworporated haveln by reference in thelr entirely}. In sach of these

of the swface of the supporting nonswoven Tabic may

i

approaches, the roughnes
propagals info the nanofiber layer causing potentig! non-unidormity of the nanofiber
stricture, thareby potantially compromising retention charactenstics.

{28 UG, Patent No. 7,585 437 issued o Jirsak of al. ivaches g nozzia-fres
miethod for producing nanofibers from a polymer solution using elactrostatic spinning
ard & davice for earryving out the method.

30 WO 2003080005 assigned I Nano Tschnies Co, LT, incorporatad
herein by reference in s entirely, eaches an glectroblowing process, whemin a stream
of polymeric solulion comprising a polymer and a solvant s fed from a stwrage lank fo a
series of spinning nozzies within a apinnerst, 1o which a high voltage is applied and
through which the polymeric solution is discharged. Compressed alr, whish may
opfionally be healed, is eleased froyn alr nozzies disposed 1 the sides of, or at the
periphery of the spinning noezle. The comprassed alr is direcled generally downward
a3 2 blowing gas stream envelopes and forwards the newly issued polymeric solution,
thereby aiding in the formation of a nancfibrous wely, which is collacted on g groundsd
porous collection belt located above a vacuum chamber

{034 U8, Patent Application Publication No. 2004/0038(14 to Schasfer ot al.
teaches # nonwoven fitration mat comprising cens or more layers of g thok collestion of
fine polymeric microfibers and nanofibers formed by electrostatic spinning for filtering
contamsnants.

10321 LS. Patent Application Publication No, SOG8/0188717 ta Green teaches a
method of forming slectrospun fiber layvers on a substrate layer, the slecrospun fbars &

significant amount of fibers with g diameter of less than 100 nanomesters (nm},
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{331 Biorge ef al, in Dosalination 249 (2008) 042048, twach slectrospun Nylon

.

sanofiber mats having & nanofiber diameatar of about 8O nm o 100 nmy, and & thickness

=
£

i"~}

of about 120 pm. The measured bactena LRV for non-surfacs trasted fibwre is 1.6+

Bicege ot al. pusportadly conclude that bacleria rermoval efficlency of nancfive

slsctrospun mats & unsatisfasiony.

2

{034} Gopal et &, in Journal of Membrane Sowenee J88 2007 3

Py
33

)

S

215

. teach

(
m
©

slastrospun polyethersuifons nanofiosr mals, wherain the nanefibers have 8 dismeter of
ahout 470 nm. During liquid filtration, the nanofiber mats act as a soreen to Mler out

parficles above 1 um, and as a depth Slter {(e.g., prefilter) fur partickes undser 1 micron.

{038] Auszawasathien et all. i Journal of Membrane Sclg 315 (008 11~
19, teach slectrospun nanofibers having a diameter of about 30 nm to 110 mm used in

\

the removad of polystyrene particles having a diamater of about 0.5 pm o 10 pm.

036} WO 3010/120688 {o Chol et al | teach a nanofiber layer having a 0.2 pm

having about a Snm rating). purportedly rasulling v improved retention of polysiyrane
particles in the presence of surlaclantz. I sach of the examples provided, the
membranss have higher retention compared o the nanofiber layer alone. it appears that
th gddition of the nanofiber layer to the mambrane does not resulf ina me asurable
increase of combingd bubbls point and sads v an incramerds! ingrease o re‘i{.\ on
compared o the membraneg isell As discussed supra, nanchiber mat teachings
pirpotiedly teach using nanofiber mats as a prafifer, and use the porous membranes o
grovide critical filtration and retention assurance properties,

{37} However, nong of the nanciiber mat teachings discussed supra teanh
using 8 nanofiber mal frmed on & porous meambrane support, wherein relention

assutance and oritical ifration propertiss arg provided by the nanofiber mat, notths
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parous membrane,; and the prafilfer propediss are supplied by the porous mambeans
support, not thee nanofiber mat,

10381 What is nesded is 3 porous slectrospun taneiiber composiie Hitration
madium that would be readily soalable, adaptable o essing volumes of sample
fluids ranging from millilifers to thousands of liters, and capable of use with a varialy of
filtration processes and devices such that the electrospun nanofiber layer provides
refention assuranes and oritica! Mtration properties, and the porous support the
nanoliber layver s formed on provides prefiltration properties. Tha invention & direcied o

these, as wall as othar objectives and embodiments.
SUMMARY OF THE INVENTION

HER) The prasent invention addresses, amaong ather things, the non-urdformity
and sapactly deficiencies often associated with composite norn-wovens Sguid Rlitration
struntres. The naw sompaosite iquid fitration platforms Taught hersin nolude poroug
somposis Hlration structuras having 8 polymaric nancfiber layer collected on 8 porous
membransg, such that when the composits filtralion shructures are usad to Biter & quid or
lquid streams the porous membrane is situated upstream of the polymeric nanofiber
fayer. Although the porous membrans acls substrate for capturing nanofibers in tha
production of the composits filtration strugtures, the porgus membrane i glso the
prefifter used upstream from the polymedic nancfiber laver {o remove particles from a
gud stream fowing tyough the composite filtration structure. That is, the ;w';?sﬁmimzf
faver i positionad downstreamn from the porous mambrang, and is uged as the relentive
tayer for oriticst filtration to pravide biosafety assurancs, and is responsible for capturing
microgtganisms ke bacleria, mycoplasma o viruses. Maving the porous mambrang

side of the compaosits filfration structure as the prefilter father than the nanofiber layver
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which herelofore was previously used as the prefillen) and the thin, unfform and small

pore size nancliber layer used as the relantive bicsafely assurance layer, the liquid
filfration platform laught harein exhibits permeabiiity advantages over conventionst
porous mambranes of nanolibar Mals PUn ON COANSS NOM-WOVENS,

D457 In cactain embodiments, the mvention provides a porous composite media
inchuding & porous membrang 3ad 3 porous polymernic nanofibsy layey ncated on the
megnbrang, whereln the pore size of the nanofiber layer s smalier than the pore sive of

the membrans

s

417 I othey embodiments, the invention provides porous composils medis
inchiding & porous membrang and a porous polymene nanofiber Bver located on the
membrane having & bubble point as measurad with a suitable fluld of at least 20%

grealsy than the bubbls point of the mambrans alons

0421 In ceclain embodimants, the wvention provides a porous oomposiie msdia
including & porous membrane and 8 porcus polymernic nanoliber layer localed on the

mermbrans, wheyeln the mambrane © asymmetric and moludes a tght sids,

{043] In other smbodiments, the invention provides a8 porous composite mediag
meluding & porous mambrang and & porcus polymenc nanodiber laver lncsled on the

memhzana wheraein the nanofiber layer i syrmmetric.

(0441 in sbill other embodiments, the rwention provides a poraus namposile
medin including & porus msmbrans and a porous polymerie nanefiber layer tacated on
the membrane, whersin the ranchiber layer i an eleciiospun mat

(048] In other embaodiments, the invention provides a porous composite media

including 2 porous membrans and 8 porous polymeric nanocliber layer loca iui oy the
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membrang, whereln the nanolibsr layer comprises a blend of polymers, copolymears,
arxd mixtures thereof,

-~

048] In ancther smbodiment, the invention provides 8 pormus oompe »s‘»tzﬁ media
meluding a porous membrans and 8 porous palymeric nanofiber layer iamtnd o the

mernbrans, wheraln the nanohiber layer comprises an aliphatic polyamids.

D471 in another embodiment, the rwvention provides a composite Hguid fillration
madium structure having a porous membrane prefilter and a erilisal Hllration porous
nanofiber retentive laysy collectsd on the membrane. Tha thickness of the porus

nanofiber layer ranges from about 1 um to about 500 pm. The effective pore sixe of the
porcus nanohiber layer s generaily defined by the fiber diameter, which s chosen based
ort the deshed raigrporganism or particle o be retatned. The seffective pare ma:ﬁ* of the
gporaus nanotiber layer, as measwsd by bubble puint lest provided infra, ranges from
about 0.05 pm for retrovirus removal 1o about 0.5 pm for bactaria removal,

{1481 in another embodimsnt, the invantion provides a composits liquaed filtration

platform including an electrospun porous nanofiber aver having thiokness ranging from
abouti um o about 500 pm,

{048 in further embodiments, the nention provides a composits Hquid filration
platiorm ncluding a porcus slectrospun nanofiber layer having thicknass ranging from
about 20 um to abowt 300 um.

e in stilt other embodimants, the invention provides a composita liquid
fitration platform including a porous slectrospun nanafiber layer having thicknass
ranging froen about 58w to 00 um.

[A511 Iy ancther embodiment, the invention providas porous composile melia
for lopuid Sltration inchuding a porous asymmetrio membrans having & ght side, an opan

[y

witde and 3 pore slze increasing it size belween the tght side and open side, and &
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porous polymarnc nanofiber layer located on the Hght sude, whersin the pore size an the
tight side of the mambrane is larger than porg size of he polvmsre nanofidsy laysy.
(0821 In cerigiy sanbodimenis, the vention provides a composits filration

device for use i orboat liguid Sltration including a prefifter having 8 porpus asymmetric
rembrans having a tght side, an open sule and a pore size Noreasing i size babwean
the tight side arsd open side, and a retentive flter having a porpus polymeric nancliber
layer located on the light side of the asymmelre membrans, wharein the mm SiZe On
the tight side of the asymmstric membrans is larger than pore size of the polymeric
nanefiber layer

{053} fnn ancther emboadiment, the present invention is dirscled {0 a proosss of
forming a porous composits Houid filtration platfor friom one of Mmore poreus
slsctrospun polymsnie nanofibers formed from g polymaer sclution using an
alectrospinning apparatus, arxd subjecting the solution to an slectric polential greater
than about 10 kY, and collecting the slectrospun polymer fiber{s) on a porous supparting
membrang having 8 smoeth surface. The smooth surfacs structure of the supporting
mambrane results in 8 smooth and & uniform porous nanofiber mat {uniike a nancliber
mat formed on a norrwoven collecting support have a coarse support surface). Smooth

i

ot
e

and urdform porous nancliber mats typically have greater relantion, (8., pUrous
nanciiver mats having the same thickness and parmeability would have greater particls
remaoval properties when produced on a smoother membrane surface than on 8 coarse
non-wovern. Affernatively, porous nanofiber mats of similar retention would be thner
and more permeaable i produced on a smooth membrans.

a4y in certain other embodimants, the invention provides & pOToUs nomposits

fiquid fitration device including a porous composiie fguid fillration platform having a8

7.3
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fouid fitration composite medium fealuwring an slectrospun polyrmeric poraus nanahiber

rateniive blosalety assuranss layer disposed on a porous mambrane substrale prefiter,

e

ST i stiit another ambodiment the vention provides & iguid fitration
platforrn having a porous composite madium noluding a onitical biosalety poraus
agnoliber fayer collectied on 8 porous prefilley membeane, The cor e diguid filtration
platform s used o fiter a liquid stream and caphivg, among other substancss,
microorganisms ke backeng, mycoplasma of viruses that may be pragsent in the liqud.
The iquid sion platform accomplishes this by having the liquid stream first sncournter
the porpus prafiller membrane component on the porous composite medssm followad by
angaurtaring ths retentive nanofiber layer for critical filfration by capluring
MICTOOIGAanisms, mycopiasma or viruses downstragm from the prefilter layern

{nse] Additional festures and advaniages of the invention will be set farth in the
detaiiad description and claims, which fllow. Many modifications and variations of this
ivartion can be made withowt departing from #s spirit and soope, as will be apparant to
those skilled in the st s to be understood that the foragoing gangral desgription and
the following detalled desaription, the clatimg, as well as the appanded drawings arg
axgmplary and explanalory only, and are infended to provide an axplanation of various
smbodiments of the present teachings. The specific embodiments desoribed hacein are

offerad by way ol example only and are not meant 1o be Imiting In any way.

)

it
e
s
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BRIEF DESCRIFTION GF THE DRAWINGS

571 The accompanying drawings, which are incurporated in and constitule a
part of this speafication, Hustrals the presently contemplated embodiments of the

nvention and, {ogether withy the description, serve to sxplain the principles of the

rwvention.
58] Figurs 1 is a schamatic of the process of slectrospinning a nanofiber onlo

a moving web gesording o one embodiment of the invention.

Q54 Figure 2 shows an electron micrograph of a composite lguid Stration
platform accanhing o an smbadiment of this inverntion fesfuring 8 porous composite
firation structure having a polymeric nanefiber laver collectad on a purous membrang.

o6t Figure 3 deplcts a comparison of IPA bubble points of a composite liguid
fitration platform according to an embodiment of this Invention featuring & pdrous
oomposite filration structurs having a polymenn nanoiibar layer collsclad on & porous
membrans, and a comparative sxample of 8 nancliber mat deposited on g coamse non-
woven for the same spin times (and therefore same thickness of nanofiber mat).

{oat] Figure 4 depicts a comparison of water peameabiiity for nanofibers with

™

simitar mycoplasma refertion {> 8 LRVE a comparative exampie of a nanofiber mat
SERIT GR 3 Coarse nor-woven 3ad 3 composite Hiquid fitration platform according 1o an
arnbodirnerd of this vention featuring a porous composite fliration structure having a
polymerin nanofiber layer collected on a porous membirane.
(082 Figure 5 demunsirates the corrslation bebwean spin time, hubble pant,
argd mycoplasma retention of a composite Houid fltration platioem avcording W an
hodiment of this Invention featuring a porous composits fitration sty having 8

polymernc nanofiber mal spun on & microparous asymmatric .45 pm rated membrane

10831 Figurs § depicts a comparison of water Huxes for nanofibers with similar &
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dirpinuta retention (> 8 LRV) a comparative example of 2 nanofiber mat spun an ooarss
ron-woven and & composite lquid fitration platiorm accarding I an embodiment of this
imvention faaturing 8 poreus composits flitration structire having a polymernic nanotibsr
iayer collectad on 3 porous membrane,

{084} Figure 7 depicts a comparison of water tixes for nancfibers with similar
ratrovirus retention (> 8 LRV g comparabive gxample of a nanchiber mat spun an
coarsa aon-woven argd & composite iquid filtration platiorm according o an embodimer
of this invention feativing a8 porous composile filtration struclure having & polymaetic
nanofibar layer collected on a porous membrane,

{065} gure B depicts Sitration capacity comparisons of a composie guid
fitration platform accerding 1 an embadiment of this invention featuring & porous
composite fillration structure having 3 polymeric nancliber layer collected on a porous
mambrang va. 3 comparative example of a nanofiber mat spun on coarss narewoven of

same nanchber diameter and similar reterdion for mycoplaama & 8 LRV

DESCRIPTION OF THE EMBODIMENTSG

{IG8] Al publications, patents and patent applications cited harsin, whethes
SUDFA O r\m‘m Bersby incorporaied by reference in their antirety 10 the sams exlent

as i sach individua! publivation, patent or patent application was specifically and
individually indicated o be noorporated by reference,

{087 Hefore describing the present invention in further detall, 8 number of terms
will be defined. Use of these terms dees not imit the scope of the invention but maly

sarve o facdiate the desoription of the mvendion

LUSH As usad hersin, the singular forms ™", "an”, and "the” include plural
refarants unlsss the contaxt clearly dictates othenvise,
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{0881 For the purposes of this specificalion and appended claims, all numeris

[z}

valtigs axprassing guantiioes of ingrediands, percantages or proportions of materta
reaction conditions, and ofher numaernica! values wsed n the specilication and olaims, are
o be wndersiond as being modifiad in all instances by the erm "about”, whether arnot
the term "shout” s sxpressly indicated.

0T Accordingly, unless indivated to the cantrary, the numerncal paramelsrs
st forth in the following speafication and alfached claims are approximations.
Notwithstanding that the numerical ranges and parameters sefting forth the broad soope
of the invention are approximations, the numernical values set forth in the spedific
gxamples gre reporied 38 precisely as possible. Morsover, all ranges disclsed herain
are 1o be understood o encompass all subranges subsumad thersin, For sxample, a
range of ™1 1o 107 includes any and all subranges batwesn {and including) the minimum
value of 1 and the maximum value of 10, that &8, any and all subrangss having 8
mitimum valug of equal to or greater than 1 and 8 makimum valus of squal 1o or less
than 10, e.g., 55 0 10

{71} As used hereln, “‘mambranes” gre defined as porous bicontnuous
structures, most commonly prepared by casting & polymer disparsion ur solution into
desired shape, whare the porous structure s formed by the so called “phase nversion”

racess. Thoss skilled in the art will readily recognize that phase Pversion can be

=

ancomplished, for exampie, by inducing pelymer precipitalion in contact with gas phagss
fguid phass, or by temperature. Nonlimiting exampiles of the desired shapes of the

membrang include holiow fibsy, figt sheet, or other aticles. Fibrous matenals, such ag
woven and non-woven fabrics or mats, usustly have g discontinuous solid phass, whith

is formad by individual fibers entangled together. Fibmous matadals are genarally nat

classified a8 membranes
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Y As used herein, "asymmeadric membranes” are characterized by having the
pore size of the mambrang vary as 3 funstaon of ibcalian within the thicknsss of the
mgmbrang. Tha most common asymmimetnic mambrang has s gradient structurg, in which
pove size gradually and continually increases from one surface {often referred {o as the

i

"Hght” side) e the other (often referrad 10 as the "open” side}. Asyinimetric mambranes
generaily have 8 higher fux than symmetric mambranes of comparable thicknass ang
retention. When used in the configuration with their larger pore side ypstresn,

gavmmelne membranes have gresder throughputin many cases as camnpared o the
comparable symmetnic membdranes. See, for example U.S. Pat No, 4,381,834, ssued
to DM de Winter, on Apr. 14, 1881, Asymmalric masnbranes have a thick, dense
surface region, or in many cass 8 skin formead on one surface and extending somawhat
o s depth, 0.9 a tight surface. Bee, U.& Pat No. 4,828 583, issusd o W, Wrasidio,
an Dec. 18, 1886,

(73] The term “calendering” refers {0 a process of passing a web Hrough a nip

betwaen two rolls. The rolis may be in contact with each other, or there may be & fixed

\

ar vartable gap hebwean the roll swiaces.
1074} The ferms "filter medium”, “filter media”, "flitration media’, or “Hiyaton

madium” refer o 8 matedal, or oollection of material, through which a fluid carrying a
rHoroorganism contaminant passes, wherein microcrganism is deposited in or on the
miatada or cellecton of matertial

107 5] The terms "Hux" and "flow rate” are used interchangsably to refer o the
rate at which g volume of Huid passes through a filtration madium of a glven area,

{u7g] The term “nanofiver” refars to fbars having diameters or cross-sactions

generally less than about 1 wn, typically varyving from about 20 nm fo about 800 nm,
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a7y The ferms “optional” or "optionally” mean that the subsequently desoribed
avent or ciroumstance may of may not onour, and that the description ncludes nstances
whg«m the avent occurs and nstances where § does not,

178 The composite Houid fltration platforms of the pragent invention include,
for exampde, & composite hquid fitration mediurn featuning & porous slscraspun
ranofiber lquid Hltration layer deposited on & porsus membrans substrate, The
slestrospun nanofibers preferably have an averags fibsr dlameter of showt 18 nmto
ahout 150 nm, a mesn pore size ranging from about §.08 gm o abowt 1 um, 8 porosity
ranging from about 80% o about 88%, & thickness ranging from about 1 um (o abowt
100 um, preferably from about 1 g and about 50 ym, more preferably between 1 um
and 20 wn. The composite liquid filtration platforms taught herein have 3 watey
permeabilily greater than about 100 LMH/psi.

{078} fre addition, the composits liquid filiration platforms taught herein have a
high retention of mroorganisms providing at least 3 LRV ralrovirus removal and at
faasl & LRV of bacteda and mycopiasma, and prefersbly af least 8§ LRV of ratrovinus
removal and 3! least § LRV of bacteria and mycoplasma.

{080} The glectrospun nanofiberg are prepared from a broad ange of polymers
and polymar compounds, oluding thermopiastic and thermoseling polymears. Sutdable
;miyme:g include, but are not Bmited o, nylon, polyimide, aliphatic polyamide, aromatic
polyandds, polysuffone, cellulose, celiulose acetate, poiyether sulfone, polyurethane,
polyiurea uethaneg), polvbenzimidazols (PBY, polysetherimide, polvacrylonitiils {(FAN),
polviathviene tersphthalple), polypropylene, polyaniing, polyfethylane oxidel,
poby{ethvisnes naphthalate), polytbutyilene teraphithalate), styrene buladisng rubuer,

polystyrena, polivingt chdoride), polyivingt alcohol}, polyivinylidens fluoride), poly{ving
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butylene), palymethyimathacrvlate (PMMA), copolymers, dervative compounds and
blaruis andior combinations thereol,

081 The torm "pore size” ar "sffective pore sizg”, 88 usad interchangsably
herain, 1s & measure of the porous structure that s predictive of s ability to refain
particles of g carfain size. The effective pore size of a membrane or slectrespun mat oan
ha measured using conventional techniques such as bublds point, Hguid-guid
porometry, and challenge fest with particles of 3 certain size. While several mathods can
be used to determine the pore &ize and sach can produce a slightly different
measurement, the sams measumment mathod is used hersin whan a comparison is
made betwaen pore sizes of diffarent structras, for example botween a membrane and

an slectrospun mat,

RESCRIPTION OF THE EMBODIMENTS

10821 Fig. 1 schematicaily depiols one ambadiment of the present imention

yherain the composite Hguid filtration platfony indudes a composita figquid filtration
madim having an electrospun porous nanofiber mat 80 made from 3 single slacirospun
colymeric nanohiber. The single nanoliber is made by a single pass of a moving
coflection apparatus 30 positioned betwesen a charged rataling drum 20 and a oollecting
glentrode 38 through the elechrospinning process. i will be appreciated that & nanofiber
web or mat can be formad by one oF more spinning drums 20 running simultanaously
above the same moving eollection apparatus 300

183 i Fig. 1. the moving collection apparatus 30 s preferably g moving
nollection belt postionad within an slectrosiatic field 50 betwaen the spinning charged

rofating drum 20 and the electrode 35, Tha polyrner solution 10 can be subjected o an

18
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sdactrical poterdial from a high vollage source 40, such that an elsctrospun polymer fiber
s producad in the sleohic fleld 50,
s in other embodiments taught herain, the slactrospun fibrous mat 80 s

formed by depositing slectraspun nancfiberds) from a nylon solution. The resulling

aanafiber mat preferably has 8 basis weight betwaen about 1 giv and about 80 gim®,

~

ag measurad on g dry basis .. after the residual solvent has svaporatad o been
resmnvent ),
fO8E5] in other smbodiments taught hareln, the composite liquid fiftration platform

includes 2 vanety of porous single or multifayered membrane substrates or suppons that
gan be arrangsd on 3 moving collection ball {o coliect and combine with electiospun
ofibar(s) forming an electrospurnt nanofiber mat therson,

jasa] Non-limiting examples of single or multilayersd porous substrates or
supports include porous filny mambrasss, Poroys filn membranes ave produced fom a
variety of tharmoplastio polymers, including polyamides, polysulfones, polyvinylidens
fuoride, polytetrativorosthylene, celidose, callulose ssters, polyaorylonitiiie, ste,
fMethods of produsing porous film membranes include solution phase iwversion,
temperaturs-induced phase separation {TIFE), vagor-induced phase separation {(VIPG],
solvert and chamical elohing, room mpsrature and haat-aesisted biaxdal stretehing,
and combinations thereaf.

{087} The surface roughness of the porous membrane substrate of the
gomposite Miration medium thal captures or collects the elecirospun nanofibers was
obsarved (o at lbast partally determing the properlies in the resulting nanofiber layer of
the final composite filtration structurs. For sxample, we have observed that the

smonther the surface of the substrate ussd to colledt the slectrospun nanafibers, the

more uniform the resuling nancfiber aver structure. Imprints of patferns on the swface

20



WO 2012/135679 PCT/US2012/031549

of & noarse spun-honded nonwoven subistrale used to colient the elentrospun nanadibar
layar were phearved 1t divactly frangfer onto the resulling slectrospun s‘;am?&zy@r ayer
collactied therson. However, such patiern imprints were not seen when an slectrospun
nanofibher layer was collected on 8 porous mambrane substrate having 8 smooth

surface. Elecirospun nanohiber lavers collected on the smooth surface of the porous

,,,,

msmbraneg resulied in a “fealw nanofibsy layer formsad thereon

10a8] in certatn embodiments of the compostie liqud filtration platform taught
hergin, an slecirospun nanafiber layer s bonded o a porous membrane subsirate or
support, Bonding may be accomplished by methods weall known in the at, ncluding b
not imied to themma! cslendering betwean haated smooth nip rolls, ultrasonic bonding,
and through gas bonding. Bonding the electrospun nanociiber layer 1o the membrang
support incraases the strength of the composite, and the compression resistance of the
compasite, such that the resulling composite Sitration medium & tapable of withslanding
forces associated with forming the composite filtration platform into useful fliter shapes
ard sizes, of when installing the composits filtration plafform inlo a filtralion device,

e in other embodiments of the composite iguid fillration platform {aught
harzin, the physical proparties of the porous alectrospun nanofiber layer such as
thiskness, density, and the size and shape of the pores may be affectad depending o

For

i

the bonding methods used between the nanofibar laver and the membrane suppoy
mistance, thermal calendaring can be used o reduce the thickness and increase the
densily and reduce the porosity of the electrospin nanofibsr layer, and raduce tha size
of the poras. This in turn decreases the flow rate through the cumposis filtration

medium at & given applied differential pressura,
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{aa0] it general, ultrasonic borkding will bond to @ smatier area of the
slectrospun nancliber layer than themal calendaring, and therelwre hag a lessar afedt

an thicknass, density and pore size slectrospun nanofiber layer,

foaY Hot gas or hot air bonding genesrally has minimat effect on the thickness,
dansity and pore size of the slectrospun nanofiber layer, herefore this bonding method

may be preforable i applications in whinh mainiaining higher fiuid How rats is desired.
0GR Whan thermal calendering is used, cam must b2 aken not to over-bond

the slactrospun nanofiber layer, such that the nanofibers mell and no longer retain thel

struchure as Individuad fibers. In the sxtreme, over-bonding will resull in the nanofivers

melting compiately such that a film s formed. One or both of the aip mlls used is heated

o~

1'4-
g

25°C and about

o a temperature of between about ambient temperature, &.g., abowt

Py

3Q0°C. The porous nancliber medium andior porous support or subsirals, oan be
an

compressed between the nip rolls at o pressure ranging from about © Bdn 1 about 104D

ddin (178 kgfom

093] Calendering conditions, 8.g., roll temperature, nip prassurs and ing
speead, can be adiusted to achisve the desived solidity. In general, application of higher

temperature, pressure, andior residencs time under slevated lemperaturs andiar

pressurs resulis iy indreased solidity.
{084] Other mechanical steps, such as stretohing, vooling, haatling, sintering,

annsaling, resling, unresling, and the fike, may optionally be noluded in the ovasai%
procass of forrang, shaping and making the composite filtration madum as desired.
{005} The porosity of the composite fitration medium taught hersin can be

modified as & resull of calendaring, whereln the porosity ranges from about 5% to abowt
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1096] in nertain embodiments of the composite hogud filfration piaifmﬁ taught
herein, the porous mambrans suppott substrale (e, usad o oollsc! the elactrospun
rranofibar ayern) includes at least ong layer of & porous membrang adjacent another
fmyer of a porcus membrane. For example, layering of the porous membrane substral
improves particls retention. Layering porous membraneg substrates of the same or
different composiion s also used [0 improve the composite ftration medium
throughput,

Bty Other considerations for choosing a multi-laysrad porous membrane
subsirate v the composite liquid filtration platform include exonomiss angd conveniance
of the compaosite lquid fitration media, the processes ussd o manufacture the fiquid
filiralion device where the composite quid filtration meadia may be insialled, sase of

rilization and validation. The porous membrane substrates usad to oollect the
slectrospun nancliber tayeris) can be a single-layer or in a multiayer configuration

wharein the preferred number of layers that maks up the porous mambrane substrale &

o4

flen selecied based on practical considerations.

10081 Additionafly, the benefits of the composits liquid fitration platform as
taught herein wers ohserved to be more pronounced at lowsr nanofiber mat
thicknesses, and therefore shorter apin times, These henelids can also be utifizsd on g
maoving wab that will directly transhate into Taster production ing spaeds. By spinning the
nanofiber layer on a smoother support suface, the same bubible point was observed W
e achisved but at 8 lower nanofiber layer thickness, These advantages result in both
aeonamic benefits from faster production rate, and in greater parmealility of & thinner
nanofiter layer.

G, fo pthar embaodiments aught herain, the composite figuid fitiration platiorm

inchgles:
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IG106] 1y s porous memiwane support which does nol demonstrale full relention
of & refrovirug in o single layer, such as:

{3101} B the 001 um rated Millipore Bxpress™ mambrans available from EMD
Rillipore Corporation, Billering, M4,

02 §) the Retrapoe™ membrane availahie from EMD Millipore
sorporation, Billerica, MA, or

10103} §y the (.48 pm ratad oylon membrane or §.80 i rated nylon
membrane by Membrana GmbH Wuppsrtal, Qermany, and

0104 2} & polymerie slectrospun nancliber layer, deposited on the porous
mambrane support, and having a thickness less than is used 10 achisve Iyl retrovirus
reterntion at highes permeabiity, fltration capsacily (due {0 porous mambraneg prafiliration)
and lower nanofiber production cost (dus to the low nanofiber layer thickness).

[G105] I order o improve the throughput of glectrospun nanofiber nor-woven
mats, electrospun nanofibers are produced by collecting the nanofibers on the tight side
of an asymmetric porous support membrane. The fingl structure of the composite liguid
Aitration platform includes g composite filtration medim constructed such that the
porous support membrang has bigger poves in i3 tghiest portion as compayed 1o th
porg size of the aleatrospun nancfiber layer, so that the porous support membrang
serves as a prefilier and s located upstream of the elsctrospun nanchiber layer. In this
arrangement of the composte filtration platform, the asymmetric porous support
mambrang of the composite fitration medium provides the prafiltration capabilities, and
the slactrospurn nanofiber layer provides the mandy of the microorganiam retention,

0] Two nondimiting examples of the composite Bguid fitration platform sught
harein include 1) & composite filtration structure or medium festuning 8 mycaplasma-

retentive nanofiber mat (0.1 pmerated) deposited on a §.5 wn rated prafiller porous

i
£ -‘i
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mermbrane support, such as Millipore Exg}re% " prefiller membrane by EMI Millipors
Corporation, Billerica, MA, and 2} a retravirus remaoval nanofiber mat {pors sizs <01
L) deposited on a 0.1 pm rated porous membrane support, such a8 Milipore Bxpress®
SHR membrane by EMD Milipore Corporation, Billeroa, M&.

1071 Ve the composite Tguid Hitration platform featuring a prefilfration porous
support membrane and & microorganism rafentive nanofiber layer exhibils complata
retention of micrporganisms provided thereon, neither the porous support membrang
not the nanofiber component of this composile are reguired o damonstrals complels

microorganism retention whan tested alone. By way of & non-limiting exampls, a
partially baclerial retantive nanohibar layer is spun on a pardially bacterial retentive
prefiltar porous membrane support having a 0.5 um raling, such as Millipore tk;ﬂrm‘%
SHUT filter, by EMU Millipore Corporation, Billerica, MA

D08 Frocess for producing slectrospun nancfibers

10y The processes for making the slectrospun nanofiber layers ams taught, for
axampla in WO J00S024 107, WO 20081 31081, and WO Z008/108803, sach
incarparated herein by referance in thair entirely, and each assigned to BEimarce s.0.o
of Liherec, Czech Republic,

[{110] WO 200024101, titled “A Mathod Of Nanofibres Praduction From
Folymer Solution Using a Electrostatic Spinning And A Device For Carryitg Qut The
Msthod”, teaches, for exampls, producing nancfibers from a polymer solution inside a
vacuum chamber using electrostatic spinning in 8n slectric finld craated betwean a
redgting charged electrode and a pounter elactrode having a differsnt potenital,

[131] The polymes solution © held in a container having at lsast one polymay
sclution inlet and outlet. The inlet and outle! serve o droulste the polymaer schution and

maintain the polymesr solution at a constard haight level in the container,

Pl
i
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{0118 An auxiliary drving av supply, which can ba heated If nesded, & loeated
btween the charged slectrads and the courter electrade. One side of the rolating
charged electrode v mmersed in the polymer solution such that a portion of the solution
is faken up by the outer surface of the rolating charged slectrode, and spurinto the
region of the vacuum chamber balwsen rofating the chargad slectrode and the counter
glgctrode where the elechic field is formed, There the polymar solution fums Taylor
oones having a high stability on the surfacs of the rolating charged slectrode which
prasents incations for primary foemation of the panofibers.

EAN AN The counter slecirods has a lindrical surface made of a parforstad

anducting material that forms one end of & vacuum chambar connectad {0 a vaduum
soures. Part of the surface of the counter electrode loaated near the rolating charged
gleotrode, serves as a8 conveyar surface for a backing fabwic material which supports the
slectrospun nanofibers whan depasitad thereon. The backing fabrie support matarial i
positionad on an unrasling devics aranged on ong side of the vacuum chamber and on
3 recling device arranged on the other side of ths vacuum chamber.
0114]  The effects of the electy fisld cause the formead nanofibars to drlft away

ta the counter slectrods, and are conseguently deposited on the swiface of the basking

i

fabric supporting matanal inte 2 nanofiber layer The thickness of the ranoliber |
controfled using the velooty of the unreeling and the resling devices.

0115] Tha drift of the mancfibars away of the charged slschrode to the courter
glectrode is promoted by streaming of alr suskad info the vacuum chamber and passing
along the palymer solution containsr and the charged slsctrode and passing through the
hacking fabiic wesenting plane suppoarting materisl of the nanofibers and the counter
sectrode.

[0T18] Test Methods

AR

£33
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(0117} Basis weight was detsrmined acoording o ASTM procedure 33778,
“‘Standard Test Msthods for Mass Per Unit Ares (Weaght) of Fabrie”, which is

noorporated hersin by refersncs in its antirety and reparted in gfm®

I8 Porosty was caloulated by dividing the basis waight of the sample in ghm®
by the polymer density In glom”®, by the sample thickness in micrometers, multiplying by

104, and subtranting the resulting numbsr from 180, Le., porosidy<t0 - baws
waightf{dansgily » thickness) x 1301

{01181 Fiber diameter was delermined as follows: A scanning shectron
micrgscope (SEM) image was faken at 46,000 or 80,000 tmes magnification of sach
side of nanofiber mst sample. The digmelsr of ten (10} desrly distinguishabig
nanoiibers were measurad from cach SEM image and recorded. frragidanting weng not
inchuded (e, lumps of nanclibers, polymer drops, intersections of nanofivers, el The
averags fiber diametsr for both sides of sach sample was calculated and averaged to
result i1 @ single average fiber diameter value for each sample,

31201 Thicknuss wag delermined securding 1o ASTM procsdure DIT77-04,
“Standard Test Method for Thickness of Texdile Materials”, which is incorporated hersin
by referente in its entirely, and is reported in micromesters {um).

1211 Mean fow bublds point was messured according 1o ASTM procedure
Degignation E 1284-88, "Standard Test Method for Pore Size Characteristiog of
Mamibrang Fifters Using Autemated Liguid Porosimeter™, by using autamated bubble
poind method from ASTM Designation F 316 using a custom-built capifiary How
porosimeter, in principle simidar (o a commercial apparatus from Porcus Materials, Ing
{FPRAD, Hhaea, MUY Individugl sarmples of 25 mim in diameter werg welled with opropyd
aloohod, Each sample was placed in a holder, and & differantial pressurs of a0 was

iy

appiiad and the fluid removad from the sample. The diferential prassure at which wet

o3
4
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fow is equal 1o ong-half the dry flow (fow without weltting solvent} is used to caloulate
the mean flow pore size using software supplied by PML
0123 Fhais the rate al which fluid passes through the sample of a given srea
and was measurad by passing deionized watsr through filter medium sampless having a
diameter of 47 (8.8 om® fitration area) mim. The water was forced frough the samples
using about 25 i Hy vacuum on the fitrate end via 3 sule anm flas
{0123]  The offective pore size of the electrespun mat was megasurad L g

comvantional membrane techngues such as bubble point, liguiddinuid poromatry, and

challenge {est with particlss of cerlain size. It s gensrally known that the stfective pare

size ot a fibrous mal gensrally oresses with tha fiber diameter and decreases with
paOsity.

I3124]  Bubble poird {est provides & convenient way 1o measure sifective pore

size. Bubble point is calouisted from the following equation:

f:‘ ooy
{0125] , where P s {he bubble polid prassurg, v is the siifaee fansion
of the probe find, 1 s the pore radius, and 9 s the Hquid-sold conlact angle.

01281 Membrane manufactuners assigh noming! pore size ralings 1o commenial
membrang Hiters, whinh arg based on thelr retention charagteristics
14T Retrovirus retaention
10128 Relrovirus retention was tested using the following fest method, The
bacteriophage PRTT2 challenge stream was preparad with a minimum tiler of 1.0010°

gfufml in a phosphate buffer saline (PES) solution, Porous media o be lested weve o

125 mun dises angd sealed in overmolded polyprapylene devices of the same ty‘{;@ #8
the OpliScals 25 disposable capsules fiter devices commerpially avatiabis from EMD

Millipore Gorporation, The devices include an alr vent to prevent alr locking, and have

x4

Fayd
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an sfective fitration area of 3.5 o, Thess devioss were then challengad by the above
mentioned stream at § pal pragsure affer baing wet by water 3 25 pei pressurg. The fast
WaES ie‘rsz“}iﬁaie{i after 100 mib of fillrats collestion g after 4 hours of fillration, whichsver
carna first. Guantification of bacteriophages in the inilal and final fead were conducted
on plates incubsted ovarnight using & Hight box and a colony counter. Corresponding log
retention values (LRY) werae caloulated.

(1287 Mycoplasma retention

04301 Mycoplssms retenfion was measured by challenging the membranes with
877107 colony farming units per squate om of membrane {OFUom®). The devices
were challengsd with 50 mi of diluted Acholeplasma idiawil (A, laidlawil) and than
flushed with 50 mi of mycopiasma buffer for & fodal of 100 mi The full 100 mi was then
filtered through a 0.23 wm sterilization membrans. Then, the procedure as taught in WG
200932040, assignad to EMD Millipore Corporation, Billerica, MA, was followead,
wharein a mathod for mtention testing sterilizing grads filters comprivses: a) providing &
stock of A, laidiawill] b} growing up the stock of AL laldiswil for about 3¢ hours or less in @
single serum-free growth medium that supports cell growth to 5 high tler and vislds 2

cetiular momhology where the cells are small, degraded and spherical, they e‘a\f
producing a bacterial culturs; o} challenging a fest filler by fltering the bactarial culture
through the test fliter at 3 known challengs level theraby producing s filtrate
downstream of the test filter; and d} detecting concentration of A, idiawi in the filtrate
um-free growih mesdia for culfivating o storing AL aldiawil are also desaoribed.

{31]  Brevundimonas diminuta (B diminuta) retention was measurad iy

accordance with ASTM procedure FBE8-HZ, “Standard Test Method for Delermining

Bacterial Ratention of Membwane Filters Utilized for Liguid Fitration™



WO 2012/135679 PCT/US2012/031549

ST

{0132} Nanofiber sampdss ware produced on NG Lab 200, (Bimarco s.ra.
Liberse, ), 2 lab scals ool whare nanohibers are colledisd on 3 porous supportthat s
fixed over the spuming electrode. Samples prepared on this instrument will be refarred

o as “static mode”.

1331 Samplss were also produced o g NS JWTHG0U (Eimarcs s.r.0. Liberag,

T}, retrofitted with a 80 om long slactrode. On this instrumant, samples were produgcen

cantinuously in & rofl {o roll bass where the substrate moves over thres spinning

alectrodas at & constard speed. This sample preparation method is mferrad to as
‘dynamic mode” in the Examplas.

[0134]  Hereinafter the composite iquid ftation platform will be deseribed
more detall in the following examples. The examples of the present invention will
demonstrats that a composite slectrospun nanofiber mat can simulanesusly possess
both high permeatulily and hgh reteation of bacleria, mycoplasma, or relrovirys,

slectrospun nanofibsr mats praduced on g

b
i')

(01381 Example 1. Comparison of
OI-WoVen versus an nanofiber mats produced a membrans.

013681 The compuosits Houid Sliration platforms provided herein include nanofiber
lwyars mades by electrospinning a solution of Nylan B polymar. Tha Nylon § s suppiisg
by BASF Corp., Flotham Park, RJ, USA under the brand name Ultramid® 824, The
spinning solulion was prepared by miking 13% Nylon 8 (Ultram 1™ grade B24 N O with

blend of acstic acld, formic acid and water {2:2:1 weight ratio} for about & hours at
S0, The viscosity of the resulling solution was about 100 o, The solution wag
rrnediately spun using & S-wire spinning slecirode undsy B2RV alectrio fisld at different
collaction timeas {spin tme),

{01371 For nanohibsrs spun on conventional nom-waven supports, an

antistaticaliy-coated norewaven spunbonded polyproprdens material, svallable from
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ATEX ing., Galnesville, GA, USA undsy the brand name Axar & SBPP 30 gsm, was

usad,
[3138)  For nancdibers spun on a porous membyvane, a 028w rated asymmeing

sterilization grade PES membrane, available as Exprass™ SHF fram EMD Millipors
Corporation, was used,

[1138]  The average fiber diameter of the electrospun mat produced was ghowt
2530 nivy In an effort o quantify the property changss assockaled with the differant
materigle used for nanofiber mat colicction, the IPA bubble point, sy defined above, of
the compoesite structures as a function of spiry ime (which is usually direttly proportinnal
{0 nanofiber mat thickness) was measurad,

I0140]  Figurs 3 depicts the BP norease of 25 nm polyamide fbers spun on g
ROIWOLEN vE. a0 sguivalent polyamide nanofiber spun on an asymmatric .32 pm eated
rambrang

{01411 Example & Manufacture of mycoplasma-retentive sompaosite liguid
filtration platform indluding a composite fittration medium fealiring a nanofiber layer and
& support membrans,

{01423 The spinning solution was prapared by mixing 14% Nylon & {Ultramid@
B27 E 01) solution with 8 blend of acetic acid, formic acid and water {2:3:1 weight ratio
for 8 hours af 80°C. The solution was immediataly spun using a8 S.wire spinning
alecirode under B2kY electric field. The non-woven supgoried mals weare spun i statin
mode with & spin time of 48 minutes. The porous membransanofiber composie
samples warg spun in dynamic moge wherg the subshrate, a membrane with & 8.5 pm
rating (profiter fayer of Milipore Express®™ SHO filter, EMD Millipure Corporation,
Hillerica, MA}, was moving over spinning slectrodes at a constant spaed. The nanofiber

layar was pesied off the nonwovan substeate oy tesling. Whaern the aanofibar wag

i3
s
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alechrospun on & mambrang, the membrane was sept together with the nanolibsy in
subsequent tasting, Next, disk samples wers ol and placed o ovannolkded devices
described above for retention tasting. Figurs 4 shows parmeabilifies of two samples of
simitar myoopigsma retention (> 9 LRVY nanafiber mat spun on coarse nan-wovern and
o mambrane,

[0143]  Example 3. hvestigation of spin time in manufaciure of myoopiasma-

w

~

atantive nannfiberimembrane compostde. Figurs B depicts mycoplasma refention
incraase with the increass in the thickness of nanclibey layer. A composits sample for
ycoplasma retention comprising & membrane with a 0.8 um rating {prefiitar layer of
Millipore Express™ SHO fitar, EMD Milli pore Gomporation, Billerios, MAY and 8 nanofiber
layar ware proven o be fully retentive at spin times at and sbove 2 minufes.

{0144 Exampls 4. Manufactire of B. diminuta-retentive composite liquid filtration

olatform including 8 composite filtration medium featuring a nanofiber layer and a
support membrang composiie filtration meadium,

{01481 The spinning solution was preparad by miding 13% Nylon & {Ulramid®
grade B 24 N 02) with a blend of acetic atid and formio acikd {2:7 weight raticy kw §
hours at B0°C for the cosrse non-woven supported case and by miking 12% Nylon 8
{Uttrarsid® grade B27 E 01) in 2 blend of acetic asid and formic acid (201 welght ratio)

for & hows at 80°C for the composits filration platform featuring & porous supparnt

rmrambrang and a nanofiber aver. The solution was immediately spun using a S-wwirs

apinning slectrads under 82kY electric field. The coarse non-woven supported mat was

spun iy static modes for 30 minudes and the membranafmanoliber compositas were spun
in dynamic mode where the substrate, 3 membrane with a (.5 pm rating {(prefilfer layer

of Millipore Expreas” SHC fiter, EMD Millipors Corporation, Billerics, MA), moves over

spinning electodes af & constard speed. The nancfher layer was peslad off the coarse
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non-woven subsiaals for lesting. When the nanofiber was spun oh & mambrane, the
membrane was kapt togather with the nancfiber in subseguent testing. Next, disk

samples were cut and placed in 47mm stainless stes holders for retention festing.

ff.‘—

S

Figure § shows parmeshilitias of two samples of shmilar B diminuta retention (> BLRY
rnofibar mat Spu Oh COaSE noN-woven ard on mambrane.

[G148]  Example 8 Manufacturs of 3 composita lquid filtration platform inclding #
composite liquid filtration medium featuring a retroviras-retentive nanefiber laver and s
LOOUS SUpPOT Mambrane,

{01471 The spirviing solubion was propared as 3 12% Nylon § Ulramid® grade
H27 B 1) sclution in a mikture of scetic acid, formie agld, and water ($301 weight ratin)
for & hours at 80°C. The solution was immeadiately spun using & Swire spinning
electrods under S2RV slectric fleld. The symmedrio mats ware spun in static mode with a
gpin time of 30 minutes. The membrang/nanofiver compasite samples wers spun
dynamic mode whens the substrate moves over spinning electrodes at a corn swtant

spaed. Next, dixe zampiss were cut and placed in overmolded davices for retention

sk

esting. The nanotiher layer was peeled off the nor-woven substrate for testing. Whan
the nanofibar was spun on & membrane, the mambrans was kept fogether withy the
nanofiber in subsequent testing. Next, disk samples wars cut and placed i overmolded
devicaes described above for redention testing.

{01481 Both samples {non-woven supported mals and membrane/nanotiber
comiposites) wers testad for refendion in a two layer format. The plotied values for
mambranganofiver composites include the additional resistance of two layers of
prefilter membrane. Figure ¥ shows permeshilities of two samples of similar Retrovirus

retertion (> B LRV} nancfiber mat spun on a coarse nonswovan and a nanofiver mat

Lo
£
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spun on & menmnbrane. Table 1 demonstrates IFA bubble points for supporlt ;;M}
mambrane and the composites manufactired acooraing o the ssampiss
048] Table 1. Bubbile points measured for supporting 0.8 pm membrane and

for mernbranefnancliber composiies,

Mean Flow Bubble Point {psi
""" fembrane Composite | % increase
iy
Example 2. Mycoplagma 17 111 653
retention » G LRY
Example 4. Bacteria 17 ) 153
rolention » § LRV
Exampls 8. Retrovirus 17 101 &84
ratantion » 8 LRV
{U137] Exampls 8. Filtration throughput of 2 compostte gud filtration platform

neluding & composite liquid fitration medium featwing & etroviug-relentive nanofiber
ayer and a porous suppott membrane,
{0138} Figurs B depicts capacity comparisons of membrane/nanofiber

composites ve. mambranss spun on cearss non-woven of same nancfiber and similar
retention for Mycoplasma. Throughput sty wers dong using a 2gil ol sulture media
stream that s customanty used (o test mycoplasma-retentive mambranes with prefiters.
This media stream cortaing 2 g Peplone from Sovmeal (Papaic) available from BMD
Chernicals, a subsidiary of Merck KGgh, Darmstadt, Garmany; 1 g/l of Pluronic B3
3.7 b sodium boarbonate, and 10 g/l HyClons Fowdered Tissue Cullurs Media

DRMEMHIgh availlable from Therme Sciantific Waltham | MA&. Tha porous

iy
He
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membranafnanofiber compaosta struchive has a built in prafiter layer, a porous
mambrane with a 0.5 pm rating {prefilter layer of Milipors Fxprass® SHC fiter, EMD
Milipore Corporation, Billeros, MA&) which protects the nanofiber laysy from eady

plugaing, and thus snables the composite structurs to exhibils higher z‘isitmiisvﬁ
throughput,

{0139 Methods of use

{0140] The compaosite lgud filtration platforms in sccordancs with the pressnt
rvention are useful in the food, beverage, pharmacsuticals, bivtechnology,
msraelectronics, chamical processing, water reatmeant, and other iguid frestmant
industriss.

AR A The composite liguid Bliration platforms as taught harein are a highly
effective composite for filtering, separating, identifying, andior detecting microorganisms
frorm & lopuid sample or bausd stream, as well as removing viruses or pariinulates.

101423 The composite iguid Ritration platfoms as faught harsin are particularty
useful n aritivat filtration of sclutions and gases thal may come info contant with or may
contain pharmaceutical and bivpharmaceutical compounds intendead for human of
animal administration.

11431 The composite Sguwd fillration platiorms 88 Rught hareln may be uge
witht any liguid sample preparation methods including, bt not lmited o,
chramatography; high pressure fiquid chromatagraphy (HPLC): electrophoresis) gel
fitrafion; sample centrifugation; onvling sample preparation; diagnostic kits testing;
dingniostic testing,; high throughput scresning; affinity binding sssays, purification of a
figuid sample; siie-based separation of the components of the fluld sampls; physicsl
properties based sepgration of the components of the fluid sampls, chermdeal propsrties

based separgltion of the componenis of the fuld sampls, biological propertes haged
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separation of the components of the fluid sample; slectrostatic properties based
saparation of the componants of the Buld sample, and, combinations thareof,

{144} The composita liquid filtration platiorm a3 taught herelncan ba g

component or part of & wrgsy filration device of system

01481 The composits filtration madium as taught herain an be provided as &
Kt which may be uaed {o removs rmasroorganisms and particutstes from a hquid sampis
or stream. The K may comprise, for example, ong of more compesite fillration meadium
noluding an electrospurn nanofiber hguid filtration ayer on a porous mambrang substrate
as laught herein, 8s along with eng or more liquid fitration devices or supparts for
incorporating and using the composite Hitration madium

101471 The kit may contair one or move confrol solutions, and may ophonally
inelude various buffers uselul iy the methods of praclicing the vention, such 8% wasgh
puffars for sliminating reagents or eiminating non-spacifically retained or bownd materizd
may optisnally be included i the ki

o148 Other optional kit reagents include an slution buffer. Each of the bulfers

’J

may be provided it & separate containgr as a solution. Alternatively the buffers may be
provided i dry form or as a powder and may be made up a3 a solution acoording o the
user's desired application. bt this case the bulfers may be providsd i pacxets.

{3148} The kit may provide a powsr soure In instances where the device s
automated as weall as 8 means of providing an extarmal foroe such as a vacwsy pump.
The Kit may aiso nelude instructions for using the electrospun nanoliber containing
fouid Sitration mediam, device, support or substrate, andéor for making up reagents

w

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

.
S0
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sofhware for recording and analyring data oblained while practining the methads of the
inverdion of while using the device of the invention may &iso be includsd,
158 The term "kit” inchudss, for example, sach of the componants combinad
e package, the components individually packaged and sald together, or the

nis presentad fogethes it o catalog (2.9, o0 the sams page or double-pages

r's

&
=
o’
,,,
llf
o

spread in the catalog).

{0181 The disclosura set forth above may sncompsass muliiple distingt
invertions with independent uliiity. Although each of these ventions has besn
disciosad i iks preferred formis), the specific embadiments thersof as disclosed and
fusirated herein are not {o b constdersd n a limitling sense, bacause f‘ius‘néimzs
variations are possible. The subject matier of the nventions inchudes ol novel and
ronobvicus combinations and suboombinations of the various elemants, fealuras,
functions, andfor properties disciosen herein. The follewing claims particularty pont out
ceriain combingtions and subcombinations regarded as novel and nonobvicus
Invarntions emboding i othar combinations and suboombinations of fealuwres, funtlions,
slements, andior properties may be claimed in applications clgiming priority from this or
a related application. Such clgims, whether directad to a different invention ar o the
same fvention, and whether broades, narrower, squal, or differsnt i scope o the
original claims, alsy sre regardad as included within the subject matter of the wentions

of the present disclosurs
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WHAT & CLAIMED &
1. A poroug composite media comprising:
a porous memnbrans, and
3 porous polvmede nanofibar layer catsd on the memiywansg,
wharein the pore size of the nanofiber lnyer is smaller than the pove size ofthe

MTIDrang.

2 The composite of claim 1, having a bubble point as measured with 3 sultabis Theid
of at last 20% greatsr than the bubble point of the membrans alons.

3. The composite of claim 1, wherein the membrans 2 asymmetric and includes a
tight side

4 The composite of claim 1, wharein the nanofiber laver s syrmmstiic

& The composite of claim 1, whersin the nangdiber layer is an electrospun mat,

8. The composie of slaim 1, whevein the nanofiber laver somprisses a polymer
saleotad from the group consisting of polvimide, aliphalic polyamide, aramatic
polvamida, palysulfons, nellulose acetale, polvether sulione, palyuethane, polyilrea
urathane}, polybensimidazole, polystherimide, polyacnylonitrile, polyiethylens
teraphihalaie), polypropylene, pobraniling, poly{ethyviene oxidel, polv{sthylene
naphihalate), polvibutylens ferephthalate), styrene buladiene rubber, palystyransg,
pdylvinyd ohdoride), polyiviny! alcohad), poly{vinylidene Suoride), poldvingt butylanal, &

copolymer, derbrative compounids, o blends thereof,

7 The composite of claim 1, wherein the nanofiber ayer comprises an aliphat
polyamids.
& The composite of claim 1, wherein the nonofiber laver comprises a blend of

polymers, sopohimers, and mixtures thevenf,
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g, The compostie of olaim 1, having 8 tolal thickness from about 10 pm o about §00
um.

-

W The composite of clatm 1, having 3 total hicknsss rom gbout 50 gm0 about 200

LHTY,
110 The composita of claim 1, whersin the nanofiber lavsr is formed by a proosss
selectad from the group consisting of electrospinning and slectroblowing,

12, The composiie of claim 1, wharein the nanofiber layer has a thickness from abowt

1 e about 00 pum,

13, The composite of caim 1, whersin the nanofiber Ryer has a thickness from abod 1

,J
»y

3o about 100 umn

14, The composits of clalm 1, wherain the nanoliber Ryer hag a thickness from ghout

umt to about 385 ym.

15, The composits of claim 1, wherein the membrane has a thicknass from about 10

um to about 800

16, The composite of claim 1, whersin the membrane has & thickness from about S8

um io about 200 um,

17. The compaside of claim 1, wharein the membrang comprises one oF Mare laysrs
produced by solition phase wwersion, thermally infiisted phass separalion, vapor

nduned phase separation, rack elching, biaxdal strefching, solvent atohing and

cormbinations thereof.

18. The composite media of oigim T with mean How bubble point ky isopropanod
from about 10 psi to about 130 psi.

Lo
G
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18 A porous composite medis fur fillration comprsing:
& porous agymmetrio mambrang having a tight side, an open side and & POt
size inoreasing in size behween the tght side and open side, and
& porous polymeric nanofiber ayer looated on the light side,
wherain the poare gize on the ight side of the membrane i largey than the pore

size of the polymaeric nancfiber layer,

28, A composite filtration device for use in orifical fitration comprising:
& prefifter having & porous asymmetric memprane having a tight side, an opsn
sichs and a pore size increasing in size behwaer the tight side and the open side, and
3 relentive filter having a porous polymaearic nanofiber layer looatad on the ight

side of the asymmetic mambrane, whareln the pore size on the tight side of the

asymmatric mambrans is larger than pore size of the polymernic nanofiber layer,

48



