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ULTRAPOROUS NANOFIBER MATS AND USES THEREQY
DESCRIFTION OF THE INVENTION
Field of the Invention
{0017 The present invention relutes generally i Lguid fluaton media. In cerain
ambodiments. the invention provides methods of preparing sanoliber p@iymm&a:
materials having extromaly small fiber diameters, assembling these fiters inte bighly
consistent mats, and asing such mats for removal of viruses from Huld streams,
Rackground of the Invention
JO00U2] Regulatory sgencies around the world place sivingent requiremants
commmrereial manfacturers of blopharmacentioal compounds 0 provide blosalety
assurgnice of their drugs. The mannfactiwers have to bulld fo and validate at loast two
orthoponad {operating by two distinet mechanisms) steps of virus removal into twir
processes, one of which iy usually siee-bused filtration, The expeoted LRV {og
reduction value) of the filtration is at least 4,
0003 Currart Mrategies i virsd filiration ave provided tn Meliser, T, and Jornit,
M. eds, “Fiftration and Purification in the Biopharmaceutical Indwstry™, 2ad ed.,
fnforma Healthoars, 2008, Chapter 28, “Bosuring Salety of Ei;;kphzztmw::em ieals: Viras
and Prion Rafety Considerations”, H. Aranba.
[O004] Parvoviruses, nonesnveloped fcosahedral particles of 18 to 26 nm o sz, are
seane of the smatlest known viruses (Lepperd, Kelthy MNigel Dimmocks Baston,
Andrew (2007}, Introduction 1o Modemn Vivology. Blackwell Publishing Limited p
4507, Manufrotuwrers of virus-retontive membrane outinely rely on measurements of
parvevirys retention for validation of virus removal sssurance of their membrages,
[ON05] There are & nwmber of commercially available membranes validaied for
garveving removal, An exemplasy parvoviras repwoval mumbeane, Visesohe® Pray
availabde from BEMD Millipore Covporation, Billertes, MA USA, bas an asymmetrical
pove strocture, with a tight virus romoval stde and microporous Vsuppert” siide 1t
wanufactored by u phase inversion process used o make g wide rasge of ol aud
microfifration  moembranes,  An inberent  Hnsitation with the phase wversion

rranufacturing process is that membrane porosity devreases signiftcantly with pore

oty
<

{G006] For example, & micmporous membrane with an average pore st of 03
rcron may have poresity of abowt 75-80%, while an nltrafiiration or virgs removal
memnbrane with an averags pore sive of .01 micron 1o 802 micron will only be lusy

3
§



WO 2014/093345 PCT/US2013/074132

than 3% porpus 1o #x reglon of narowest pore size, Thas, the parvovirus ramoval
membranes have sraditionally low porosity and s lower water flux,

D067 As hiopharmacentical manufacturing becomes more mature, the industey s
constanly looking for ways to stresmdine the operations, combdne snd eliminate stops,
and reduce the time it takes to process sach bateh of drug. At the same time, there are
ket and rogulatory pressures requiting manufacturers 1o reduce their costs, Ringe
virns Sltration acopunts for s significant percentage of the sl cost of drug
purification, any approsch 3o focrease wmembrane throughpot and reduce drug
processing time wonld be valuable, With the introduction of new pro-filtration media
ansd corresponding horease fn throughput of vires flters, Sliration of more and more
feed sfreams is becontng Twelimited. Thus, improvemsats in the paameabibily of

vivus filters, while maintaining the viruy filters” ving retention properties will have a

direct effect on the cost of virus {ilivation sip.

FO00RT Flectrospun nanofther mats ave highly porons polymerie materials, wherein
the “pore” size of the mat is linewrly propertional to the fiber diameter of the
electrospun naeiiher, while the poresity of the mat is relatively independent of the
fiber dinmetor and usually f5lis in the narrow range of B5-80%. Sueh bigh povosity 1
responaible for the substantial huprosement of permeability provided in electrospun
nanofther mats when comparest o the porosity of mumeesion cast membranes of
sirailar thickneas and pore size rating. Moreover, this advantage bocomes amplifiad in
the smaller pore sive range, such gs those required for virms ftvation, because of the
reduced povosity of ulirafiltration membemnes discossed supra,

(00091 The random amture of cloctrospun mat formation has led 1o the general
assumplion that such mals are unsaitable for any veitical filtration of Hauid streams,
Applivations of electrospun matesialy for the veliable removal of relatively large
pmvz,ici_s:-s {s.z.ss:ii a3 bacteriad from solutions have recently begun o appear iy the
Bterature {See, for example. Infernational Poblication Noo WO20HWIOTSE3 AL ©
FAMTY Millipore Corperating, titled “Removal of Misroorgandans from Flutd Samples

1

Lising Nanofiber Fltration Medi”, and Wang et al, “Blectrospun panofibeos

’-.61

membranes for bigh fluy microfiltnation”, Jeomal of Mombrane Science, 39239,
iU RS {fa"%} Av the same time, vo roports have been poblished on nsing
oleetrosyun nanofibers for size-based Hlration of extromedy small particles. such as

DREYOVITUSES,

»
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Q0101 Three categories of prioe art pertsining to virns romoval and electrospun

prrnrs

nanoithers can be gonerally ave deseribed as follows:
011} Category 1. Virus removal using electrospun materials by adsorption or

aciivation

{001 LIS Published Patent Application No. UR20080164214 A1 1o Advanved

Powider Techuologies, teaches a Hguid pwifivation and distnfection nomwoven Hlier
material charactervized by the electrostativ somption of contaminants, including
clectranegative particles, g bacleria, viruses, colloidal particles, et

{3 US Patent No. 6,?‘?&28& g Koslow Technologies Corporation, teaches a
compostte flter medium having 2 pH aliering material that can raise the pH of an
infloem such that microbiclogical vontaminants in the influent rennain substantially

negatively charged, such that a positively charged medium within the composite filter

Loty

medinm can nwre effectively captire the microbiological contaminaats.

FO014] BN Patent Noo 7927883 o Fajifilm Cope provides electrospun suppiat
materiad carrving antitdivs for virus removal,

T6015) LS Pablished Patent Application No. US2008/0264259, assigned to The Hong
Koang Polviechnic University, and tided “Nanofiber Filtee Pacemasks And Cabin
Fitters™, teaches a filiration medinm including a fine frer laver having a phaality of
nanofibers and a coarse filtey laver having v plurality of microfibers atlached to the
fine filter laver, whersin the nanofibers comprise an electrical charge or anti~microbial
agent.

{00181 fnternational Publicotion No, WO2008073507 w0 Argonide Corp., teaches a
fikrons struetore for fuid astreams comprising @ mixtee of nancaluming fibers and
additional fibers made from microglass, celudose, fitwillated velhdone, and fvocell,
and grranged i a maetrb o create asynanetricsl pores and o which fine, ultrding, o
nanosize particles such as powdered activated varbon are attached without the use of
binders. The fibrous structure containing powdered activated cwbon intercepis
contaminants (such as viveses) from Boid sireams,

(00171 The filter materials within Caegory 1 appesr to take advantage of certan

£

surface eifects of the clectrospun media, either by adsorbing or activating viruses,
N : 3 I

FOOTR] Untegary 2. Microorgauism removal by electrospan materials using sleving

mochasms,

ok
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FOU10] Bternational Publicstion Mo, WORETH/107303 to EMD Millipots Corporation

teaches a muthod for highly efficient sire-based removal of bacteria and myveoplasmy
from hiquid samples using electrospmun panofibers,

FOU20T Tnternational Publication No, WOZB12/021308 o EMD Millipore Corporation
teaches sive-bmsed removal of refrovivuses (having 80-130 ) with LRV 6 using
electrospon nanciiber mats,

{02 1] US Published Potent Applivation Ne, USI01 /0198282 to Swe Undversity af
New Yok Research Foundation, ttled “High Fhoe High Efficiency Nanofiber
Mentbranes sud Motheds of Produetion Thereof”, teavhes composite nanofiber
membranes comprising an electrospun substrate coated with cellulose nanofibers,
prnduced frons oxidized collulose microfibers fayer. ts applied theveto,

264358 o Ehmaren KRGO

[O023] 1S Published Patent Application No. US2008

teaches a filter for removing phyaival andior biologicel bmpurities comprising an
Syotive” namodiber filter that purperiedly killshweakens tmpurities, while a nanofiber

filtration laver captures the impaities

{00231 A serfes of IS Published Patent Applications Nos. LIS2O04D0380 14,
USI005/0163935 and US004/003801 3, cach assigned to Denaldson, Ine., teach
Hher-containing media, and fiber mats having 30 nm fibers treated with temporatur

and pressge,
10034] A conference report from Nanocon 2010, by Lev et al, teaches using

coniereial nanofiber fabrics with fber diameters between ~100 nm to 155 nm o
retain B, Coli hacteria (1.1 ~ 1.8 % 2 microns t 6 nrdorons} with efficlency 72.23% 0

W83 (0610 2R LRV

b=

{25 International Pablication Np, WORO0WOTIS0  assigned we Munve
Terhnology Lid, jeaches o spatisliv-ordered matrix avvay of nanometre fibwes with
rancmetre-size volids, suitable for flration of particles, i particular particles in the
panometer-size vangs, such as viruses, However, there wre no examples provided
showing stweessful filtration

[0G26] None nf the filter materials fn Category 2 sppear 1o eneble slze-based removal
of viruses or particles woder 30 nodin size.

FOYTY Category 3, Artevnpia to redues Sher diameter below 20w,

£

aaotechnology 17 (2000) 15381563,

[O028] Huang ot all N teaches elsutrospun

polymer panofibres having 2 small diameler, and providing thereln microseopic
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ohesrvations of individuat {ihers as small s 2 mm, produced ustng 2% Nylon 4.6 with
added pyridine,

G029 US Patent No. 7,790,133 gssigned to Physical Sclences, Ine., tesches 1 method
of electrospinning polyacrylonitrile fibers as smalt as 18 nm and subsequent pyrotysis
to produce a carbon nanotube mat out of therefrom,

(00307 Tarot al, Polpser 46, (2003) 61286134, offers a systematic parameter study

for ultva-fine fher fabrication via clectrospinning process, Including the fabrication of
a nvat heving aversge Bher dlameters of 1946 nm,

[0031] Hou o al, Mecromelecules 2003, 35, 29292431, teach poly{p-xylylene)
panotubes by coating and removal of sltrathin polymer template, Individual fibers
phserverd with dismeters 3-7 nm.

FOO3Y] Duan et al., 2008 Znd TEEE International Nanoelectrovics Conference {(INEC
2008), 3338, teach preparing graphitic nanoribbons from ultrathin electrospun
PMMA (polvmethy] methacrylaie) nanofibers by electron beam frradiation, whereln
individos! PMMA fibers wore to have observed average dlameters arcund 1) .
FO033] Fach of the slectrospuns nanofiber fvachings o Category Y atiompt to reduse
the fiber dameter of clecrospun materials, While vertatn electrospun nanefiber

teachings in Category 3 allege individual fibers as small as 10 nm in diameter oy less,

at best these teachings provide mivroscopic images of a single fiber of unknown
fewpth, and il o provide anmy data on Q{tsminmg o systomugically  attempting
consistent fiber mats with the average size of alt {bers in the wats in the 6 nm e 13
fum range. In particutar, o such mats have boen reporied Indicating any capability of
cnrrenthy known vivussretsntive membranes.

I

G034] The presemt  invenifon provides an clectrospinning-based  method o

mmesin

N

manufhacture very fne sasofiber mals with exceptionally bigh oaiformity, and for use
in reliahly and efficlently romoving viral particles from fluld streams. As provided
herein high retention of model parvosivas > 3 LRV) & secomplished with a
polvateric nanofiber oloctrospun porous Hauid Slration mat, These clectrospan

ranofiber mms can he uwed for ving removal ftom aguepns  solutions

1

P

hiopharmacentical manwdeluring, where these glectrospun nanofiber mas have an
advamtage of high permeahility and high capacity compared o the state of the art
currsnt vival removal filteation prodogs,

Surnmary of the Invention

YAy
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FOUAST The present invention teaches highly porous clectrospun filtration membranes
having very small pore sizes that van be used for the relention of parvoviruses and
other particles in the 18 nmm o 30 nm size rapge. The bigh poresity slectrospun

filration membrangs provided herein enable higher wader fuses, thus ;\:uiis":ﬁm‘itiaii}-'

redacing the amount of tae eguived for vives filration steps. With this inorea
speed of virus filtration, or, aliematively, lower pressures as required for the same
operation, elecirospun parvovirus fiiters such as taught horein enable applivations of
vipgs fltration not previoushy belioved kncwn,
FO0R6T For example, @ lower pressare requirement can enable nsing vivassremoval
fillers with simpler, less costly and complioated syuipment, such as gravily flow
sodders, and vicown and peristaliic pumps. Also, higher permenbility allows for the
gconomical filiration of large fhad volumes during protetn purification processes,
such a3 the entire volume of a hioreactor and process bulfor solution, thersby creating
a viras “harrier” ground the eatire protedn purifivation process,
[O037] The present invention s hased, at feast in part, on the surprising discovery that
g previonshy  unkaown  combivation  of  spinning solution  parameters  and
environmental conditions results in the manufactare of highly consistent electrospun
mss having extremely small effective pore sizes. The term Veffective pore size”, a8
used herein, describes a strworaf property of a porons matecial assessed with g
Funcione!, rather than viwed. method. For the purposes of comparing pors
materials with dramaiically different structures, such as solution-cast membrases and
nanadther mats, visual methods Hhe microscopy are inadequate i prediciing whether
these materials would be perform similarly i the same appheation. In contrasg,
functions! methods. such as bubble point measwements, Hguid-Hqud  porometey,
ndrusion povesimetey, sieving of sacromolevules andior particles off given stees,
allow to compare the properties of different materials. Thus, c{)mparisens are possible
hotween different materials, which van be duseribed having “smaller”, “larger™, or
“similar” effective pore sizes depending on how they perform i a functional et
0381 In some embodiments of the present invention, electrospun nancftbers are
produced having an average dinmster between & nmand 13 nm.
039 In other embodiments, the nanofibers are assembled e consisient mats
having a mean fow bubble point measured with perflunorohexane fluid above 100 psi,

\

or ghove 120 psi, or ghove 138 pat,

8
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[O04D In some embodiments, the pancfiber mats can be assembled o single or
mudiilayered devives for Hauid Slteation,

{041] In some embodiments, apcording to the vavious aspects of the present
invention, an agueous foed solution comtaining @ model or actual parvovirus oan be

fillered with a devive containing clectrospun nancfiber mats a8 sught herein, so that

i one emwbodiment the flteate will contain less than 8.1% of virases present in the

feod xolutinn in other ewvbadivoonts the filivate will contain fess than G018 of vicusex

present in the feed solution; or in other embodimenta fess than Q00U of viruses
present by the feed solution; or i other embodinents the flrate will contain fess than

Q00015 of viruses present in the feed solution.

(00421 In some embodimenty, selutions intended for vinus fltration contain @
hinpharmaceutical product of Intersst, such as therapentic protein, antibody, hormone,
o the Bk,

{0437 In other embodiments, solutions intended for virgs filation are agueous
butfer solutinns,

0044 In ves other cmsbodiments, sohations imended for virus filteation are Hguid
media for coll culinre bloreator.

P03 In some embodiments according to the varlows aspects of the prosest
tvention, the methods andfor compositions of the present invention may be used i
combination with one or more other Ritration, clarification, and pre-filtration staps.
{0046} Additonal features gnd advantages of the frvention will be set forth in the

detailed description and claims, which follows, Many moditications and variations of

this freortion san be made without departing frows B3 spirit and scope. as will be
apparent 1o those skifled i dhe st g 1o be understood that the foregotng geneval
deseription and the fullowing detailed deseription, the clatmy, as well as the appended
drawings are exeruplary and explanatory only, and we dmtended {0 provide an
explwation of varions smbodiments of the present teachings. The specific
embodiments described hereln gre offered by way of oxample only and are sot mesnt
1o he Hraiting in any way.

BRIEF DESCRIFTION OF THE DEAWINGS

{047} The sccompanying drawings, whivh are weorporated in and corstitute a pan
of this specification, ilustrate the presently contemplated embodiments of the
fnventinn and, wogether with the deseription, serve o explain the principles of the

Hyvestion,
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00481 Figure | depicts a SEM micvograph of an electrospun mat obtained with ¥%
wylon 6, 40% 2,2 2«riftucroethanel (TFE} and 0.7% anmoniug formats in the mix in
aceovdanes with an embodinent of this invention.

{00491 Figures 24 and 2B cuch deplet SEM wmicrographs of elecirospun mats
;‘:zmgi;,mss:a‘i with the same solutinn at 4° C dow poiut (efl, fiber dameter 23 nm} and
179 C deay pesiat (right, fiber dlameter © om) in secordance with other embodiments of
iy nvention

O050] Flgures 38 and 3B each deplet SEM micrographs of buprovements to nylon

g

eloctrospur mats quality when 2.2 2-ritlerocthanol (TFE) is added to the spinning

misture {ight), according o Examples 24 and 2B in accordance with other
arhodimonts of this ivvention,

{HISTY Figures 44, 4B, 4C, and 413 epch dupict SEM micrographs of electraspun

smats whereln the nylon 6 concentration in the spinning solution according to Exanple

1 is reduced from 1%t to $%wi, resulting in the formation of highly wregular

mais.

~

{00321 Figure S depiots SEM mivrographs of an slectrospun mats obtained with
standard 896 nylon & mix and with 7% nylon & mix,

(0033 Figure 6 depions o graphiical reprosentation of PhiXA174 LRY ve. throughput
for thres (3} laver devices manufactured according o Example 3, aversge of two (23

dovives, The asssy Hast is about 6.3 LRY.

FO054] Figure 7 depicts a graphical representation of dextran retention eurves for
8

Vicgsnlve' ™ Pro mombrane, and an electrospun mal in accordance with othe
smbodiments of this invention

{00537 Figure R depdots PRIX-174 retention (open aymbels and dotted lines) and flux
devay (closed symbols and solid Hpesy for cae (1) laver of Vicssolve® Pro mombrane
(riangles) and theee (3) lavers of elecirospam composites {sguares) in aecordance with
other embisdinents of thix invention, at 3} psi pressure,

DETAILED DRESCRIPTION OF EMBODIMENTS OF THE INVERTION

[O0S6] Before describing the present Invention in further detall, @ mumber of torms
will be defined, Use of these terms does not Himit the scope of the invention but only

serve o facilitate the deseription of the Invention, Addisional definitions are set forth

throughout the detailed description.

w
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Lo DEFINITIONS

FOOSTE As used hergin, the singadar forms "o "an. and “the” includs plural referents
unless the context clearty dictates otherwise.

[OUSRY As used herein, the e "navefthers” refors fo fibers having dinmeters varying
from & fow nanometers up o several bundred nanometers,

FOOS9T As used herein, the teoms “filter mediung or "filier media” refer © a material,
ar eotlection of material, through which a fluid carryiug a wicroorganism conaminant
pasaey, wherein the micrnorganism is deposited in or on the material or collection of
matenial,

{0607 Az used herein, the ferms “pormeabHin” refers to the rate at which a volume
of fuid passes through a filtration medinm of @ ghven arew at & given pressure drop
aoross the membrane. Comman anits of permenbility are Liters per square meter pey
hour for sach pal of pressare drop, abbreviated as LMH/ps,

006 1] The torm “electrospianing”, as used hereln, refors to an slectrostatio spinuing
process of producing nanofibers from g polymer solutfon or melt by applying an
clectrie potential o sach solution, The electrostatic spinning provess for making an
clectrospun nanofiber mat for g filration medhun, tncluding a suitable apparatus for
performing the electrostatic spinsing provess is diselosed in International Publication
Nos. Wi 20054024101, WO 2006713081, and WO 2008106903, cuch fully
ncorporated herein by reference, and cach assigned to Ehmacce MR, of Libereg,
Caseh Republis.

FOU62] The term “nonefiber wmat” a3 used horeln, refers o an wsembly of multiple
nanofibers. such that the thickness of said mat is at least about 10 times grester than
the diameter of @ single fiber In the mat. The nanofiber can be armnged randomly in
the said mat, or be gligned glong one or multiple gxes,

TO063T The torm “virus” as used berein, refors 1o 8 small infeCiious agent that can
roplicate only fnshle the Hving oolls of an organismn Viuses can infect both
eukarvotic and hacierial cells, While the tormey are velevant for ensuring the salety of
therapeutic formulations. the latter are a common sarrogate used to assess retention
properties of virps romoval iters,

641 As wsed horein, the torm “parvevivus”™, refor o a class o some of the umallest,

nen-enveloped feosahedral particles of 18 oy 10 26 nn in size (Leppard, Kelthy Nigel

Dinenock: Baston, Asdrew (20074 Ingroduction to Modern Virology, Blackwell

Publishing Linted, po 45800



WO 2014/093345 PCT/US2013/074132

{003} The teem VLRV, wo “Logarithonie Reduction Value™, ay used heretn, refers o
@ common loggrithm (hase 18 of the mtie of particle concentration in the feed w that
in filtrate, measured wder standacdized conditions,

J0066] The wrm “immunoglobulin” “lg™ or “antibods™ (used interchangeably herein}
sy used hereln refors to o protein having & basic fourpolvpeptide ehain structure
constating of two heavy and two light chaing, said chains being stabilizad, Ror
exarmple, by interchain disolfide bonds, which hay the ability o specifically bind
antigs,

{0671 Az wsed hereln, Immunoglobuling or antibodies may by wonodlenst or
polvelonal and muy oxist in mopemernic v polyerie form, for example, IgM
autibodies which exist in pemiaperie form andfor Igd amidbodies which exist in
monomeric, dimerie or mulimeric form. The tenn “Hagment” refers o a part or
postion of an sntibody or antbody chain compristng fower amine aad residoes than
an intact or compleie antithody or antibedy chain, Fragments van b obtained viw
chentical or enzymatic reatment of an intact or complete antibody or antibody chain,
Fragments can also be oltained by recombinant weans. Exemplary fragments include
Fab, Fab', Flab 12, Fo andfor Py fragments,

[0068] The torm “bopharmaceutioal preparation,” as used herein, refors o any

coraposifion contaidng & product of intorest {eog. 2 therapoutic protein oF an

antibedy, which s usually o monomerd and unwanted components, sueh ag profein
aggregates {e.g., high molecular weight apgrepates of the preduct of isterest).

L EXEMPLARY FILTRATHMN MEDIUM

(G091 An embodiment of the prosent fmvention cludes a porous clestraspun
nanotiber Hgud Hluation mat

{00701 An additional cambodiment of the tvention inclndes @ Hguid fliradon medinm
having nanoftbers with an average fiber diameter of abont & mn 0 sbout 13 amy,
wherein the ftraion medivm has 4 mean pore size sanging from abont 801 pm e
abou (103 pum, 3 porvesity ranging from about 8% o abont 8%, a thickness manging
from abont | to about 100 gy, or 8 thickoess from about 2 on and about 38 pny
aned & hiuad permseabiiity greater shag about 10 LM psi,

HI EXEMPLARY NAKGPIBER POLYMUERIC MATERIALS

GG71) Polvmery suitabde for e in the nanofibers of the wvention include

.“,‘,

thermoplastic and thermoset polymers, Nonlindting examples of suttable polymers
meheds avion, polvimide, sliphatic polvemide, aromatic polvamide, polysulione,

i
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collulose, cellulose acelase. polysther sulfone, polyarethane, pobyures orethane),
polvbensimidarnde, polvotherimide. polvaorviontivile, polv(ethvione torephthadat),
polvpropylene,  polvaniline,  polvlethvdene  oxide),  pobv{ethyiene  ngphthalate),
polvitngviene terephthahute), sfyvrens butadiene robber. polvstyrene,  poly{vimyd
chloride), poly(vinyl  alcokad), pobvivimd  acstate)  poly(vinvlidene  Suoridel,
polviviny butvlene) copolymers, derbeative compounds, blends aml combinations
thereof, Suitable polyamside condensation polywers, include nvlon-8; aylon-d.6;
nylon-G8avion 6,66, 1Y copobvmers of the same, and other Hnear generally aliphatic
nyion compositions and the ke,

T The worm “nvlen™ as ased heretn includes nylon-6, nvlong 6, nyvion 6§.6-6,140,
and vopohaners, derbvative compounds, blends and corabinations theveof,

IV, EXEMPLARY METHODRS OF FORMING A FIBROUS MAT

{731 In one embodiment of the tvention, a Hhrous wat 18 made by depositing
nanciiber(s} fron g uyion solution. The nanofiber mat has & basts weight of betwesn
about 0.1 gine’ and about 10 g.s’nﬁ as measured on a dey basis, {Le,, after the residual
solvent has evapored or otherwise beaw rernoved b

FOG74] I another embodiment of the fnvention, avion is dissolvid in @ minture of

sabvents fncluding, b not Himited to, fanse scid, sulfurie scid, acetic aod, 22.2-

1

S-hexaflooropropanol, and water.

rifluoroethanel, 22233
{0075 In snother ombodiment of the fovention. the nyvlon solution is prepared by
dissolving dry nylon polvmer tn one group of solvents, Lo, Hirst preparing 8 stoek
solntien, and then adding other solvents w0 make the sclution wmady &

slectrospinning.

FO070] Iy another swbodinent of the nvention, the nylon polymer {Le., 5&'5}?&‘&@} 15

partially hvdrobysed over the course of solution proparation, such that the average
mpdecular weight of the partially _‘{};q(h‘{}i}fzed avion polvmer (Le., ending} is fess than
the average molooular weight of the starting wylon polymer

HET T In an additional embodiment of the vvention, conductivtty of the nvlow

sefution iy adinsted with a xutlably fonteable componnd in a giverosobeent, Examples

of such saitable ontvable compoundy invlude, but are oot {mited 0, organie ad

morgante salts, acids and bases. A&n cxample of a preforsed compound used 10 adjust

the condurtivity of & mylon solution s armmonien fdrmate.
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{00781 In another embodiment of the fmvention, the enviroament jwside the

cleptrospinning chamber is controfled to ensure that ambient humbdity s Rept at dew

poin shove approsimately 125 €,

{0079 In ong enibodiment of the fvention, g variety of porous single or multilayerad
substrates of supporty are arvangsd on a moving or stattonary eollection belt to vollect
and combine with the eloctrospun nasofiber mat medivm, Ruoming a composite

filtration devies.

V. EXEMPLARY SUBSTRATES FOR COLLECTING THE NANOFIRERS

FGG801 Examples of single or multifavered porcus substrates or supports include, but
are not Hmited 1o, spunbonded nopwovens, melthlown ponwovens, needle punched
norewvovens, spanlsced nomwovens, wet faid nomwovens, vesine-bonded nomwovens,

}

wiven fabrivs, koit fabwics, paper, snd combinations therpofl as well a8 other
eloctrospun mats with fibers of similar or greater diamuter to the electrospun
parnsdibers vollected thereon,
OS] In one embodiment of the fnvention, when the substrate layer is a nanofiber
oat, the average fiber diameter of the substrste can range from 10 nm 1o 300 am,
G082 In ancther emvbodiment, averags fber dimmeter of the substrale can range from
S8 to 2 nm,
[O083] In snother erbodiment, average fiber diameter of the substrate can vange from
L e to S8 nm.
FO0R4] An important consideration for choosing o sebatrate layer is the smoothness of
the surfiee, in other words, the Hdameter of the snbstrate fibers relative to the diameter
of the fibers making up the active nanofiter faver, As deseribed in WO 201301324
EMD Millipore Corperation, flivation propertivs of nanofibers may strongly
depend on the properties of the andesiying support fayer,
FOOSST While a filtration miedim is ofton used iy a single-layer vonfiguration, # s
semetimes advantagenas 1o provide move than one ayer of filtration mediwm adjacens
t erch other, Layering membrane filters o mprove pasticle relention s commondy
ased in virps Hitration and s practiced commercially i EMD Millipare Corpoaration’s

~

Vivesolve® NEFP and Viresolve Pro®R prodoct Hnes, Layering fltration medis of the

fos

same or different vomposision is alse used to improve filter toaghput, Examples of

P

ST SHO and SHEP

such lavered filters include EMD Millipore Corporation’s Ex

.
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FRORET (xber constderstions fiy choosing s mudii-layered filration product nchude
peoncnnios and convenience of media and devive manufactring, ease of sterilization
ard validation, The fibrmus Bluation medis of the present invention van by used
single-laver or in noalti-ayver configumiion.

FO087) The proferred layer confipuration for the fltration wmedium i3 often selected

sidersiions, These considertions sabe nto account the knowa

hased o practical o
relationship between LRY and thickoess, wherehy LRV typleally increases with
thickness, A practitioner can seloot multiple wayy of achieving destred fevels of LRV
e.g. by using fewer layers of larger thickness or lgrger number of thinner lavers.

VI EXEMPLARY TEST METHODS LISED

[OORRY “Basis woight™ was dotermined by ASTM DW3776, which is weorpovated

herein by reference and repurtad in gl

{00891 Pobvimer molecalar weight distribution of nyvlon was dotermined using an
HPLOSEC svstem equipped with & Jordi xStream 3004 colunm from Jordi Labs,
Mansfichl, MA, USAL and & Waters 410 Difforcntial R {refractive index) Detevtor,
from Wattrs Corp., Milford, MA, USA| waing a sobvent hexaflnoroisopropanal with
OTM sodiuny riflurbacetate, Calibration was pecfansed with eloven {113 PMMA

{pobvmethy! methacryiate) sandards, having g molecnlar weight from 202 o 93,000,

(0090 “Porosity” was caloulated by dividing the basts weight of the sample o gin’

by the polyose density in g.:‘mn:;_ by the sample thickness in micrometers, multiplying

by 100, and sultracting the resulting number from 1L e, porosity=100-{hasia
veighiddunsity smes thickness Liiroes, 1L

FO0R ] Piber diamster was dotermined as lfows: A scanning olectron migeascope

{SEM image was taken at 60,0 thoes magnification of cach side of a nanefiber muat

sample, The dismeter of o () cloly distingishable nanotibers were measured

py

1

from sach SEM image and recorded. Defecty were not included (e lumps of
nanofibers, polyiver dropy, interssctions of nanoftbers), The average Sber dHameter of
each stide of the nanofiber mat swaple wes caloulated, The mwasured diameters alse
inchude » metal comting gpplicd during sample peeparations for SEML B was
established that such coating adds spproximately 4 to 5 nim to the measured diameter,
The dismeters reported here have been corrected frr thds difference by subtracting §

o the measired damets,
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W DET777-64, which is incorporated herein

OS] Thickness was dotermingd by &
by reference, and s reported i micrometers {or microns) and i represented by the
syashot “am™,

JO0R3] Mean flow bubble point was measured according to ASTM EI304-89,
Nandard Test Method for Pove Size Characteristios of Membrane Fihers Using
Antomated Liquid Porosimeter”. By using suiomated bubble point method acvording
to ASTM F316 using & custonn-buih capiilary Sow porosimster, in principle similar o
a commercid apparatus rom Porous Materials, Ine, (PMIL Hhasa, NUY, USA
Individual samples of 25 mm i dimmeter were sotted  with perflucrohesae,
commercially avatdable from 3M, St Papd, MN USAL a8 Fluorines™ FOTI0 Each
sample was plaved i a holder, and & differenial pressore of alr was applivd and the
fhaid removed from the samples The differential prossirs at which wet flow is squal o
ane-half the dry flow {(How without weiting solvent} iy used 1o caloulate the mean
Hlow pore sire nsing supplicd software,

o <

{0094} “Permpsatuliny” i3 the rate ot which fuld passes through the sample of a given

&

ared gt o glven pressure drop and was measured by pussing delonized witer through
filfer mediun samples baving a dinmeter of 47 (9.6 om” filuation arca) mm, The
water way forced theongh the swmples ysing bydrauliv pressare {svater head prosswee)
OF pICUmatic presaure (alr pressure averwater),

JO095] The “effective pore size™ of an eloctrospun mat can be measured oing
comventional mranbrane techaigques such as bubbde point, hquidsliguid poromstey, and
challenge test with partivles of cortain size. s Ruown that the effective pove stze ofg
fibrous mat generally increases with the fiber diameter und decreases with porosity.
{0951 “Bobble potnt tost” provides a conventent way 1o measive offective pore size.
i

s ealoudated o the following egngtion:

JOO9TY £ cosd, where P s the bubble point pressure, v is the swefice tension of

P

the probe thad, ris the pore radiu, and 8 19 the lgeidesolid contact angle.

Membrane manufscturers assign nominal pore size ratings to commercial menrhrane
filters, which wsuglly tndicate mesting cortaln relention orlfentn for particles o
arornorganisms wther thay geometrical size of the actual pores.

Vil EXEMPLARY DETERMINATION OF PARVOVIRYS RETETION

FOOOKY Parvovires rotention wan tested following an EMD Miltipore Corporation fest
method, whersin the bacteriophage PhRIN-1T challenge stroam was prapared with

£y

b4
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minimum ey of Lo pfadml i a 50 mM acetale baffer solution, pH 34,
containing 100 mM NaCl Porous mudia & be tested were out indo 25 mum dises and
caked 1o overmolded polypropyiene devices, These devices were then challenged by
the above pravided hacteriopdiage PRIX-174 ehallenge stream at 13 psi pressure alter
being wet with water 3t 30 pst, Indtial § mi of offhuent were discarded o climinate
offects of ditution with hold~up volume. 4 mi fmetions were colleeted Immediately

&

after the discarded 5 mil {(LRV,Y as well as w the end of the ron after 200 mi of

effivent {LRV )

‘L"}
b4

). Quantification of bacteriophage in the initial and final feed were

conducted on plates incubated cvernight wsing s light box and g colowy counter,
Correspouding dog retention valaes (LRVY were valowlated,
00U The following Examples of different embodiments of the present invention

css both

will demonstrate that an electrospun sanodiber mat can simultanesusly
high penmenbility and high parvevivus retentinn,

Examples

FO1OD] Example 1. Prepavation of nylon stock solution for electrospiming

{NI01] This example provides an exemplary procedore for preparing 8 nvlon
solution for electrospinning i accordance with an embodiment of this investion,
001021 Nylon & was supphied by BASF Corp., Flovham Park, NI, USA, onder the
trademark Ultranid B24. A 15% wt solation was prepared in a meinture of thees
solvents: fornse aobd, aeetie acid and water, presend in welght rsatio 22201 The selution
veas prepared by vigoroasly stirring the mixture of solvents and polvmer 5 a glass
regotor for § o 6 hours at 809 O, It was subsequently cooled 1o room leapenatore, The
mpdecutar welght of the fnal polymer was analyzed by SEC and found to be reduced
as o vesult of heating in this sobvent system {Tadde 1) In addition, the molecular
wetght disiribution (MM was also roduesd,

J00103] Tabde 1. Moleoulay weight analysis of nylon 6 betove preparation of stock

sodution and as a result ot hy di Olysis,

Mw KMwiMn | Ma

28503 1341 %333
228 1136 9 861

413 1 7.307

[OOT04] Tt was found that reduving the mudecalar weight of the polymer (g nylon)

throngh hysirolysis resalts in the formation of nunofibers having a smuller dumeter,
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{0105] Example 20 Preparation of nyvlen sohation ready for electrospiuning i
aceordance with an smbodiment of this ineention,

J00106] The stoek solution prepared o BExarople 1 owas diluted to 8% wi polymy
with 2.2 2-tiftumethanol {TFEL formis aokd, sd water, Anumonien formate i gdded
to the concentration of 1% wit. The composition of the spianing solution i Hated in
Tabke 2,

[O0107] Table 2. Composition of spinning selution,

%% by weiglit

uyion & &
' Formic Acid 20,5

"3& Aoy 103
2,3,.3« Triftuoroethane
- Ammaoninn Formate 0.7

HGTORT Viscosity of the final solotion was 3016 35 oF a1 25° €, and the conductivity
wax L 15 oldom,

F0109] Examgple 3. Preparation of a parvovirus-retentive mat iy acoordanes with an
erabodiment of this invention,

GOTEGE The solation from Example 2 was immedistely spun using @ Nanospidee™

nozzie-free clectrospinning apparatus, available from Elmarco, Ine., Muorrisville, NC
USA . The Sowire rolating elovtrade s oquipped 3gauge steel wire, distance
botween solotion pan amd colletor iy 148 mm, electrode rotation speed v 60 Ha,
umididy 18 woaintained between 100 gnd 16 dow point osing an exiernal
hunndificgtion systom, Spinsing time i 30 min o this cmbodiment, the supporting
material wsed o colleet the nanofibers i alsp ar electrospun mvlon & mat with an
gverage fiber dlumetsr of about U nwme In this gnbodiment the supporting
clectrospum material Is produced by electrospinning nylon & from a 12w %% selation
i o mabsture of scetie ad foensie acids, with weight muio betsveen the avids being 208,
using the same electrospinnng equipment and pavametses peovided sepra, howeyer
generaily without controlling humidity,

FOTEE] Table 3 outlines the properties of the electrospm muat produced, including a
key measore of the pore size as indeated by the mean flow bubble point, measored

with & low serface tenstoy fhad {1 dypegfom), Fluorinert™ FOST20 availabde from
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0TI Figure T shows a REM microgeph of an elestrospun mat according 1o one
embodiment of the invention. having 8 mewsured average fiber diameter, atter
correction for the SEM coating layer. of about %12 mw. The bubble point values for
this enthodiment of the invention clearly hsdioate that the electrospun mats exhiit

Cvery small pore stzes, i the rauge of tadittonal parvovirus refeptive membranes,
which usually fall in the sange between 120 pst and 188 psi,

FOOT13] Table 3,

T E;‘Ebﬁr & arveter i;‘n‘n\ g}\i i
FC-72 bhubble point, inttial | 131
{psi)

FO-72 bulible point, mean | 136
Row {psi}
Alr pen wmeability  for o 000494
O Sem” disk (sef/psi}
Thickoesy of the wmofiber | 16
fayer  with  soall fiber
diameier (mierons)

[00114] Comparative Example 1. Eftect of humidity on nanefther mat quality

F00115] Comparative Example 1 demeustrates that malntatning humidity above
approximtely 108 € dew point is advantageous for producing smaller dismeter
nanofiber mats, A 12% solution of nyvlon & was prepared in 8 mixtues of formde ackl
apetie ackl, and water, present in welght ratio 2221, by heating the misture &t 8¢° C
for 10 hours. The solution was cooled and vanofiber maty wers spun asing the
Elmareo Lab Napoapider™ novede-free electrospinmdng spparatus used in Example 3
(D0TI8] It can be seen from Figure 2 that inereasing the humidity from 47 C dew
point 1o 179 O dew point redeces the fiber dismeter, from 23 am o 9 oo o0 gvarage,
The olectrospun mat produced at a higher bumidity, however, cannot be used
Sliration due obvious heading. Beading crestes significant defectx iy the nanofiber
mat struetaee, resulting in poor mechanical strength and broad pore size distribution,
Therefore, rather than nsing ncreased humidity to produce smaller diameter nanotibey
prats. Other Huprovements are Becessury to create @ quality nanodiber mat with ssull
dapnotes,

FOOTITY Example 2.

&

,u,.,

WGOTIR] Example 2 demonsteates that the addition of 2.3, 3-tiluroethanol (TFE} 1o a

spinsing sofotion substautially inproves the guality of the nanofiber mats produeced.
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¥

Ar eloctrespinning stock soluting was prepared according to Example T Twn equal
fractions of the stock solution were taken,

I0119] Fraction A was further dilwted fo B polymer (Le, nylon &)
concertratinn with the same solvent mixture as wied for stock sohution (formie actd,
acutic acid, waler)

FO0120] Fraction B was dituted with & mixture of four solvents: formie acid, acetic
acid, water, and TFRE, to a final TFE conventration of 23%wi,

FONI21] Ammoniam formate was added 1o both solutions © a concentratinn 0.5%w1
{01221 Solutinn As visvasity 32 oF, conductivity 3.4 mSfe

[D01231 Solution By viscosity 35 o, conductivity 2.6 m%/em. SEM micrographs of
the mats produced with these solutions ave shown in Figare 3. 1t can be seen that mat
produced with TFE has much greater consistency of fibers and less fiber breakags,
WO0124] Comparative Example 2. Reduction of aylon 6 concerdration in spinning
soshution

HO0123] Comparative  Example 2 demonstrates  that  reducing  the nylon 6
concentration to 8% withont using anunonium formate or THE in the mix does oot
result in the furmation of @ consistent electrospun mat with s small fther diameter
001261 A stock solution of nylon 6 was prepared according to Example 1, and
subseguently diluted with the same sobvest mixture (formie aeid, seolie acid, and
waler and used for clectrospinning, Table ¢ ists proporties of solutions and sverage
fiber diamsters of the electrospun mats,

HO0127] Figure 4 demonstrates that lower concentrations of nylon resadt i highly
iropular mats,

(O0128] Table 4. Solution propertics of wvlon 6 and resulting slecirospun mat

prapRriies

1{If<mc~cnim§z on § Sohation Conductivity | Fiber dipmeter | Mat quality
' viscosity (0P} mSony) Lo
21 Very pooy
Faw )
| Crood

Cround

LN

29 Comparative example 3. Qptimization of spinning solution.
010 Solation properties were funther optimized w0 result v an electrospun
nanofibor mat with the smallest fibers, which is also homogencous and inmegral. Tabla

M

3 displayvs the optimived sclution propevties and Figure 3 presents the

i
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comparison of the Srm fibees with the 10mm fibers. The polymer solution deseribed

{/.

betow had @ viscosity of 24¢P and 2 conductivity of 3,68 mbiom.

{01311 Table SO Composition of spinning solafion

Nylon 6
Formie Acid
Agetic Auad
Water

2.2, 2 Trifluoroethano}

Ammonium Formate i
{01321 Example 4. Retention of model parvovirus in buffer selution
O0133] OpmiScale-28 deviges, BEMD Millipore Corporation, Billerica, MA UIRA,

were mangfactured containing three 3) lavers of electrogpun composites, having 8
filtetion area of 3.5 om®, The favers were bverleaved with a polypropylens none
wrven fabric,

[G0134] Water peomeability and vivas retimtion were tested o constant prassurg

setap squipped with g toad cell. Model vivus, bavteriophage PhiX-174, was spiked

omt, to concentration 1.4%10°

o acgtate buffer at ph &, congductivity 135 mi

PR AL The devices were Hushad with buffer for 10 sun, feed was switchad o the
virus-spiked vessel, and 200 mi of spiked buffer way flowed through cach device,
Namples for virus assays were cotfectedd after § mil, 60 mi, 130 mb, and 200 miL.
fO0135) Table & lists butfer permeability of the devices, and Figuee 5 shows LRV ax
an average of two {2) devives.

tiey with buffer Huxes.

FO0136] Table &, Devics Bow rates and permeabil

CPevice flow rate | Fermesdniity
{ml/min} L MB s

3daver ~ LS em? 4.5 at 13 pa
Virgsolve Pro- 31 om? 123 a0 30 pai N
FOGE3TY As depicted in Figore 6 binh devices demonstrate high retontion of el

parvovirgs PRiX-174, which was not sigoificantly reduced over the cowrse of the

filtration experiment, This data, along with bubhle points and fiber dameters, cloarly
femonstraies that parvovinusrelentive  olectrospun mats can by preparsd. Tiw

measured pormeabibities exesed the vahue of Viresabve™ Pro,

{0138 Comparative Bxample 4This example demonstvates that spioning the astive

faver on @ smoother, smaller {iber dlameler sobstrale vesulis o superior Bltration

propertios ke Bighsr retention achisved at lower thicknesses, leading to higher



WO 2014/093345 PCT/US2013/074132

permsability. A solotion similar o the one deseribed in Example 2 was spun for 15
mingies at 14 °C dew point resulting iu 2 nanofiber wat that is about 4 am thick, with
an average fiber diameter of 10mm. The substrate used was also a nasofiber niat span
for 13 minutes on a ymooth Hirose nomwoven substraie (Hirose Paper Manufacraring
Co.. Lid, Tesa-City, Koohi, Japan, part number § HOP-GOHCEF), wsing & 3wi% B4
grade Nvlond mix fn 2:2:0Formic acids Acetic acidr Water, The nanofiber subsiate
was ahout 10 am thick. with an average fher digmeter of 23nm. This extremely thin
manofibrous structwre displaved superior Blication properiies in a single faver formt
compared 1o the devices produced using the three Iayered configuration deseribed m
Example 4. Bublde point, water permeabifity and vivus retention in batlfer were tested
as deseribed i the text and the resulis ave show in Table 7,
00139] Table 7. Physical and filtation properties of electrospun mats based on the

subsivate layer properiies.

S - Perm
Mean | Number
s | bubsr

faoteee | T flow | of lavers

wm (amy (0N P ipp in
BN 71353 BRI £1051) 2 NN .
ST Upsly 1 deviee

LRV { LRV

th indtiad fiaal

Bxample g 12 46 100 20 136 3 2008580
2 "

- Compars

nye 10 3

‘ 16 131 i 127 6.1 |8
Dxample ‘ i

3
3

bi-n;%_‘i-;sgﬁ An agueous solntion & prepared usmiain%ng ”3*\‘&\1 of sthoxylated 20}
trimethyioiprogane riacryviate, ;,sm'm';.as_ra:.iai3;,»' avatlable as XSRS from Sartomer Lo,
Exton, PAC U

{
was wel with this solution and sxposed to electron boasn radistion 1 o total dose ol 2

\ X

cand 1wt ethyi2, depentanedind (MPD A nanohiber sheet
N E

MRad under a nitrogen atmosphers, The shest was rinsed inwater. Ning (8] 25 mM
disks were cut fmm the wet sheot and sealed into three {3) stadudess stesd holders,
three (3} lavers per holder, available fron EMD Millipore Corporation, Billerics, MA
LISAL vatalog Moo XX43 023 600 A three {3) layver prefilter made with 1 pm
Dinrapore™ alse available from EMD Millipere Corporation, Billerica, MA USA, 1

kg
3

wsed iy front of the narodiber devieg.
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1001421 Polyelonal oG, acguived from SeraCare Life Science, Millord, MA USA,
was dissobved in 2 23 mM Acetate budter, haviog @ pH 4.0, and conductivity 2.5
mBom. The solution was spiked with PRK-174 becteriophage 1o 8 final concentration
of 289107 plivml, An initial LRV sanple was taken after the first § mb was filieved,
and @ fingd LRY sample was taken at 73% filtor plugging. Resolts are shown in Table

&

{00143) Table §, Buffer permenbility, profein throoghput, and vivus LRV for the

nanoiiber devices in accordance with emhed\l;mmg of the invention, and Vicesolye™™
Pro. Data is average for three {3) sanodiber devices aud the two (2) Viresolve™ Pro

doviges.

.........

Buaiter Theoughput | Initial | Finad
permenbility | (L/m2) at LRV LRV
{(EMPpsy VTS
Vigesolve Pro 1120 439 »6,7 6.7
CNamofiber, 30 1
fayers 12,2 356 36 38

{144 Bxample 6. Rcale-up of electrospinning mat moduction

01437 Nylon 6 solution was prepared according to Example 20 A panofiber mat
was procuced on a pilat seale clectrospinning appaeatus from Hlmareo, squipped with
three I‘Oi‘éﬁii‘sg glectrodes, each 30 em wide. The 6-wive rotating eloctrede is equipped

-gauge steel wirg, the distance betwesn the solution pan and collector is 144

<
&

with 3
mny, the electrade mtation apeed i 80 Hz, amblemt humidity borween 18° and 167
dew point. The electrode spin rate was 6.7 10 6.9 rpr, The mixing rods were seb to
rotite at S8 rpan to 80 rpm to ensure good mixing of the aylon & solution, The top and
bottom voltsge was 20 kY and 60 RV, roxpectively, The supporting material usad o
cofleet the navoiihors ¥ a nylon & electrospun mat with an average fiber dlameter of
F00 ron. The supporting maserial s prodocsd by electrospinning nylon 6 from a 12wt
%% solution In e wmixtare of scetic and formie acids, with welght ratio between the
acids being 2:1. using the same electrospinning squipment. For @ Mgher praductivity,
the nvion 6 soluiion was poured fito all 3 pany, The Huow spesd was set at 2 omimin,
Af the start of the run, only the pan closest 1o the beginning of the Hoe is active. Aflter
1S minntes {porresponding 1o 30 om of mat length), the instnanent was tumed off
foad the secongd pan, The instrument wus then turned on with both finst and second
pans active, After asother 15 min of operation, the Tastrament was twrned off o Joad

the thivd pan. The instrament was then torped on with alf theee pavs active, The run

s

Tt
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was comtimied for another 43 ming Gotad time 73 mins) 1o create & sheot with an active
area of 09 m long by 087 ny wide, When the pans sere not in nse, thoy were covered
with o Hd 0 prevent solution changes due e high volatility of TFEL 20 m dises were
e out from the four (33 corners, fowr (43 edges at the center. gnd one {1 from the
mididle. These discs wore tested for bubble point.,
H046T Table @ ootlines the properties of the clectrospun mats produced in
acvordunce with embodimenis of the Invention, based on the test of the representative
chse samples,
{047 In Table ¥, 2 Rey measure of the pore size as fudicated by the mean flow
buhble point was messwred with & low surface tension Haid (30 dynesfam),
Fluorinert ™ FC-72 available from 360 St Pand, MN USAL The bubble point valpey
indivate that the olectrospun matsy produced in secordance with cmbodiments of the
wentton, exhibit very small pore sdzes. i the wange of parvovires reteniive
mmbranes, which usually fall in the raoge betwesn 120 and 180 psil

JOOI4A8Y Tablew

Fiber digmwter (nm) 17 am
FOF2 bubble point, oitiad | TS24
{pst) {median & 1 sd) 7
FC-72 bubble ';wini, mgan | 13148
flow (pel) (median & L sdy

Aty g\sm"\m%‘i ity 'f{fs!’ § \‘ EREERE Y

.45cm” disk (sof

431 Example
}

Characterization by dexiran sioving measuroments

."*.

G013

[00151] Nanofiber muts produced according o F sample 6 were characterized asing @
dexivan retention test. Por this stady, two (33 44,5 mm dameter nanofiber dises (along
with the nopewoven mpgmf:{ used 0 s_gin the ma ond were cut from the mat, Twae {23
B3 o dises of VieeSobve™ Pro were used us controls, The dises were submerged

i water, and then placed In g stired cell available from EMD Millipore {catalog no

oAG md of g mibdare of varions dextvan sives way powred inte the stired cell &

standard masgnetic stir bar was placed in the call. The stivved cell was then placed on g
magnetie sty plate, FVC wbing 18T D (Pisher seontific catglog no, 119018
atfached o a perisiaﬁtic wnp was connectad o the permeats sisde o draw Hignid &t

conatant floaw rate.
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{001323] The other eml on the tube was placed into the stired cell to allow

rocirenation. Dextran solution vomprising various molecadar weights was then poured

iy o the stirred cell, The peristaliie pussp was then turned on and ron st 0.8 mmin,
The first 2 o 3 ml was discarded belore recircufation to avord any contantination of
the feed destran solution. The purnp was run for two (2 hes to slfow equilibration
After two {2) hes of operatinon, the pump was turned off, and the sample in the tubing
was collected for further analysis using gel penmegtion chromatograply {(GRO)L
[0153] Based on the GPO results the dextran retention curve was generated for the
VireSohve ™ Pro and the nanciiber mats in gsecordancs with the avention {Figare ?}
The average KRB0 (909 dextran rejoction) from two (33 dises for each of ViveSolve

Pro aned the nanofiber mats were 100 KDa and 300 KDa, respectively, Although the
nanefiber mar does wt appear to be as tightas ¥V freSolve ™ Pra, the nanofiber mat in
secordance with the invention does nonetheless demonstrate good refention in the
whtrafiiiration membrane range.

{001 54] Pxample 8. Throughput and vetention measwrement with a solution

coptaining vell culture bloreactor media

5./9

{H}HSSY For throughpis studies with cell culture media, OptiSeale-25 devices

Loy

wire mranufsctored containing three (33 lavers of electrospun composites produced
sceording @ Example 6, with o filustion avea of 3.3 em’, Ome (1) laver of a
polvpropylens son-woven fabric was used downstream, Water permeability and cell
cultnre media theoughput were tested o a constant pressure setup equipped with a
fead ool For thess studies, CD CHO media {satmlog ne, 10743~ 029) from Lify
Technologies was weed. U0 CHO medinm iy 8 protein-free, serumefree, ghemdoaliy-
defined medium opiimized for the growth of Chinese hamster ovary (CHO) colls and
expression of reeombinant proteins i suspension culture,

[G136] For virus retontion studies with coll culture waedia, OpiiScale-23 devices

were manufsctored cordaining three (3} Iavers of slectvespun composites produced

acgording 1o Example 6, with 3 Hluation ams of 33 ey, One (1) layer of a

E}i‘if}’m\f}{i}"§{:ti}{3 sorewoven fabric was used at the botteany {putlet) side for the device.
Water pormeability and virgs vetention wers tested I @ constand prossure sotup
squipped with g load cell, Model virus, bacteviophage Phix-174, was spiked o CL

CHO eoll culture media to concentration LAY D PFUMmL The devices were Hushed

with water for 10 mins, feed was awiiched © the virss-spiked vessel, and virus-spiked
medis was Howed theough sach device, Sampley fiw vires assays were colledied at

R

PRk
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varions twoughpats (15, 2530, and 300 L™ Figare 8 shows LRV and Hax decay as
o o ows TR g

an average of two (2) devices, Also shown ix one (1) laver of Viresolve™ Pro

membrang, Al devicey were integrity tested postuse 0 deteot gross leaks by

rmonitoring air bubbles dowrstream from the devices by pressurizing the devices at 56

pa. Only desvices that had <8 bubbles per minute were chosen as integral, The
sanefiber composife gives »3 LRV retention np to 300 Lo’ with 2X the penmenbility

T

of one {1) layer Viresolve™ Pro menslwane. IF higher virus retention 18 necessary, it i
possible 10 increase the number of lavers to give additional virus retention, This
example indicates that nanofiber composties can be used For virus removal from oell
culture media,

TOUI571 Unless otherwise indicated, alf npmbers expressing guantities of ingredionds,
cetl cultare, tregtment conditions, and so forth used in the speaification, inchuling
clatms, are 10 be understood a3 being modified in all instances by the termy “about”
Accordingly, nnless othorwise indivataid to the contrary, the numerioal parameters are
approximations and may vary depending upon the destrod propesies sought to be
obained by the present invention, Unless otherwise indicated, the wmem “at least”
preceding @ seriey of eloments is to be anderstood 0 refer 1o overy element i the
series. Those skilled in the srt will recognize, or be able to asceniain using 5o more
than routine experimentation, many egaivalents to the spoeific embodiments of the
invention described hereln. Such equivalents ave intended to b sovompassed by the
following claims.

JOOTSET Many modifications and varistions of thix tyvention can be made withowt
departing from s apirll and scope, as will be apparent o those skilled in the art, The
specific embodinents desoribed hereln are offered by way of example only wnd ave
aol meant o be Hmiting o any way. B iy intended that the specification and examples
he considured as exemplary only, with the true seope and sprll of the fnvention being

mcticated by the following claims,

3
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What ix elatmed is;
f. A fibrous electrospun powons media for rensoving viral particles and other particles
in the I8 am oo 30 nm dze range fom an squecus okl strewn comprising an
cleetrospun nunestiber having an average fiber digmeter foss than 13 am, and having a
mwan How bubdde point measured with perflunrobexane above HI psd

The modia aceerding o claim 1 wherein the gverage iher dimneter is from abowt &
sin fo abowt 13w,
3. The media aevording to elaim 1, wherein the media iz o Hauid filisation mat.
4. The media sccording to olaim |, having o mean pore stze ranging from abo (103
w0 abowt 303 um.
S The modia sccording to olatm |, having & porosity sanging from about 80% o
sl W%,
&, The media secording to clatm {1, having a thickoess ranging from about 1 um o
about 1HY um.

The media acenrding to clalm 1, having 8 thiskness from about 2 um and about 30
T
8. The media acoording to elaim 1, having 8 Haguid permeability greater than about 10
LM st
Q. The media acconding © olatm 1, whermin the mcan flow bubble point meesured
with perfluorchexane i3 above 120 psi.
1 The media svcording to clalm b, wherein the nanefiber i a polvmer material
selevted from the group consisting of thermoplastie polymers and thenmosst
polymwrs,
1o The roedin according o claim 1 wherein the nanofiber & a polymer materid
sedected from the group consisting of thenmoplastic polvmers, therosset pobymers
ayion, polyindde, sliphatic polyvamide, aromatic polvamide, polysulfene, colluose,
cellulose  acelate,  polvether  sulfome,  pobvuvethane,  polvlures urethane}
polvhensimidazcle, polvetherimide, polyvacryionitrile, poly{ethvione rephibalate).
polypropyiene,  pobvaniline,  poly(ethvlene oxide),  polyfethylene  naphthalaie),
polvibutylene  terephthalate), syrene butadiene robber, podvstyrene,  polyvinyd
giforide), polvivinyt aleohel), polvivinyl  acetwte), polvivimvlidene  fluonide),

polv{vinyl butylene), copolymers and combinations thereofl
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12, The wmedia sceording to ol 11, whereln the nanofiber is g polymer material
sefected from the group copsisting of avion-d, ayvlon-6.6, nylon 668,10, nylon-t
copolymers, ayion-6,8 copolymers, nylon 666,10 copalyimers and mixiures therend,
13, The medis acvording to any of the elaims 1412 further comprising a nanofibrous
support layer with gverage fiber diameter between 10 o and 300 n
14, The media according to any of the claims 1-12 further comprising a naneofibrous
support fayver having sverage {Ther dispeters bebween 30 nm and 200 am,
15, The media according to any of the elabms 112 further comprising 8 nanofibrous
support fayer baving average fber dismetors bebween 1 nm and 56 nim,
o, A diguld Hltration device for removing viral pacticles in the IR nmuto 30 mw size
range from an agueous feed solution filtered with the device comprising:

a fibrous electrospun porous media inchading an elecirospun nanediber having
an average Rber dinmeter loss than 13 am, and

& pOTOUS support,

wherein the fbrous clectrospuan porous media is disposed on the poros
support, and the fibrous electrospun porous medin has g mean flow bubble point
measured with pertluorohexane above 100 psi.
7. The devive aécmxﬁng e olaim 16, wherein the average fher diameter is from
aberat & v e about 13 no
1R, The device acoording to olaim 16, whereln the medin s Hould fileation mag
¥ The deviee seoording to claim 160 having 3 mean pore size ranging from abom

Q.01 um 1 abowt 003 am,

20, The devier acconding 1o olaim 16, having o porosity ranging from aboat 80%

shout 93%,

21, The device sccording to olsim 16, baving a thickuess ranging from ghowt { pmto
about 160 pm.

I The devive gecording o elaim 16, having a thickness from ahout 2w and showt

A3 The devive aocording 1o clairy 16, having » hquid permeability groater than abow

24, The devies secording to claim 16, wherely the ovean flow bubble point messared

witls per Tunrohesans iy above 120 pai
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2%, The device sceording o claim 16, wherein the nanofiber is a polvmer materiad
sefected from the group consisting of thermoplastic polymers and  thermoset
polymers,
26, The device acconding to claim 2§, wherein the ngnofther is a polymer maenial
selected from the group consisting of thermoplastic polymers, thermoset polymers
nyion, pelvimide, aliphatic polvamide, aromatic polvamide, polyvsulfone, cellulose,
celfulose  acctate,  polyether  sulfone.  polvurcthane,  poly{urea  wrethane),
polvbenzimidaznie, polvotherimide, polvaceviontinile, polv(ethylene terephihalate),
pedyvpropylene,  polyvaniline,  poly{ethylene  oxiie)  pobvivthyiene  naphihalate)
pobvihutviene  terephthalate), styrene tntadiene cubber, polystyrene, pobyivinyd
chloridel,  poly(vinyl sloohol), poly(vineyl acutate). poly{vinviidens  fuoridel,
polviviny! butvlens), copolymers aund combinations thereofl
27, The device aceording to claim 26, whereln the nanofiber iz 8 polymer material
selected from the group comsisting of aylon6, nvlon-fi6, avlon 6.6-610, wylowé
copolymers, nylon-0,6 copolyners, nvion 666,10 copolymers and mixtures thersof
28 The device accurding to any of the elaimis 16-27 wherein the porous support
comprises nanotibers having an average fiber diameter betwees 10w and 380 s,
29, The devies sccording 1o any of the claims 16-27 whoretn the poreus support
coraprises nanofibers having sverage fiber diamseters betwesn S nm and 200 om.
30, The device asccording to any of the claims 16-27 whereln the porous suppost
comnprises nanefibers having averags fiber diameters between 10 noy and 50 no,
A wethod of removing vires coutaminads and other particles in the 18 nm w0 30

nn size range from an aguecus futd feed sehation comprising the steps off

providing g Hbrows electrospon porous medis including an slectrespun
nanofiber baving sn average bey dlameter lesy than 13 nm, and a porous support,
wheretn the fibrops clectrospuny porous media is disposed on the porous suppart, and
the fibrows electrospun porous media has g mwan flow bubble point messured with
perfiuorchexane ghove 108wl

eontacting the virus contaminated aqueous Huid foad solution with the Bbrous
gleptrospun povous media; and

obtatnping a fhrawe having bess than 8.01% of virus contantnants prosent In e
sy fhad feed solution,

> %

32, The method scoording fo olsim 31, whergin the Bltrate has loss than Q001% of

viruses present i the ford solution,
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33 The method sccording to claim 31, wheredn the filisde has foss than §.0001% of
viruses presend in the feed solution,

34 The method according o claim 31, wherein the virus s @ parvoviras.

5/5

35, The method aceording 1o olatm 31, wherein the fibrous electrospun porows media
s o mean pore stze ranging from shout 080 om to about 03 g,

The method according to claim 31, wherein the Sbrous electrospun porous media
has & porosity vanging from about 8% 1o about 83%,
37, The method according o olaim 31, wherein the fibrons electmspun porons modia
has a thicknesa ranging from about | pm o abowt 100 g,

The method according o oladny 31, wherein the fibrous electrospun porons media
has §iqm‘;§ permeability greater tham abont 18 LM B/ pst

The method acoording to claim 31, wherein the mean flow bubbde pednt measured
with perflucrohexans is above 120 pai.
4. The method according to elaim 31, wherein the nanofiber i3 a polyrogr material
sefected  from the groep consisting of thermoplastic polymers and  thermosst
polymers.
41, The method according 1o clpim 40, wherein the nanofiber is a polvmer nuterial
selected from the group consisting of thermoplastic polymuers, thermoset polymers
avion, polvimide, aliphatic pelvamide, svonatie polvamide, polysulfone, cellvlose,
gellolose  scetate,  polvether  sulfone,  polvurcthane,  polvioren  wrethane),
polvbenzimidazole, polyetherimide, pelvacrvionitrile, polv{othvions terephthalaw),
polypropylene,  polyaniline,  polvicthvlene  oxidel,  polyv(ethyiene  naphthalatey,
pobvibutviene  terephthalate). styrene butshione rubber, polystvrene,  pody{vinyl
chiorhie), poby(vimyvl  alcoboln  poby(vimyl  scetatey, {.?{}i}f‘{_ﬁ{‘s}-"iiifﬁi}&i Hooridel
polv(viny! butylene), copolymers and combingtions thereof.
42, The mothod acverding to olaim 41, whereln the nanofiber {8 & polymer maderial
sefecied frony the group comdsting of syloned, nylon-a.f, nylon 868,18, mvlond
copolyarers, ayion-6.8 copoalymers, nylon 566,10 copolymers sud miktures theseofl
43, The method sccording o any of the claime 31-42 wherein the povous support
covuprises nanelibers haviog an sverage fiber divmetor between 10 oo and 300 nnn

44, The method according to any of the cladms 342 sherein the porous support

comprises nanotibers having average fiber diameters betwesn 30 am and 200 ann

43, The method sceording o any of the claims 3042 wharein the porous sappovt
comprizes naneiibers having average fiber diameions bepween T am and 30 o,

3%



