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FILTER STRUCTURE WITH ENHANCED DIRT HOLDING CAPACITY

This application clairos priority of U.S. Provisional Application Serial No. 62/017,463 filed June
26,2014,

(ELD OF THE INVENTION
001} The present invention relates generally fo flnid filtration devices, and more particularly
to & Huid filration device incorporating & composite modia fillor structure, as well as methods of
using and making such devices and structures.
BACKGROUND OF THE INVENTION
H02] Fhud filters designed for removal of wawanted particulates and contaminants are
suscepiible to clogging due to the fact that as particles and contarminants become trapped i the
filter medium, thid pathways become closed or restricted. The capacity or service life of a filter
15 related to s ability to flow Huid at a rate above & muinimuroe value, or to maintamn a dosived
flow rate at a pressure below a manmum value.
(U3 One approach fowards increasing the required dirt-holding capacity or service life of a

filter &5 {o profect the final filter with a prefilter having 2 coarser strachure. A prefilter will
generaliy have a particle size removal rating larger than that of the final filter. Because the
coarser struchure of the prefiltor will remove velatively large particles that would otherwise clog

o~
H

the final filter, the service life of the final filter will be increased. In addition, owing to its coarser
structure, the prefilter will not clog as readily as the final filler against the same particulate
challenge. Therefore, the combined prefilier and final filter allows for 2 longer filter service ife
as compared o the final filter by itself

04 The addition of a coarser structare prefilter to o filter device does however have
drawbacks, such as the cost assoctated with supporting and housing the additional prefilter

material i a device, The addition of a prefilter can incrcase the iotal space occupied by the

<

(o

filtration syster. This increase 1n filter volume 18 considered a drawback since compactness is a

desired property of a filtration systont,
0051 it 18 therefore desirable to develop a thud filtration structure having an increased

service Hfe and reguired dirt-holding capacity, capable of remaoving relatively large contaminants

and particles that would otherwise clog a final filter, It 18 also desiable to lower the
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manutacturing cost of a fuid filiration device, as well as reduce the overall size requirements of

such a device, by incorporating a fluid filiration structure having these advantagoous propertics

SUMMARY OF THE INVENTION

FO06] fn response to the above needs and problems associated with prefilter snd final fitter
asserabiies, the present nvention provides fhud flration strachures comprising a composite filter
media having & coarse porous interlayer located between at least two fiber containing porous
filter layers. In cortain crebodiments, the at least two porous filier layers are made from
clectropsun polymeric nanofibers cach having a different fiber diameter.

0071 Another embodiment of the mvention includes a compostie filter media condaining one

4
H

or more polvmeric non-woven coarse tnteriayers located between the at least fwo polymeric fiber
containing filter lavers or mats,

FOOKRT Other embodiments of the wvention include a coraposite filter media having (1 a first
fittor mat comprising first polvmeric fibers having a fivst fiber diameter, {1t} a second filter mat
comprising sccond polyroerie fibers having a second fiber diameter, and (1) a coarse interlayer
incated between the first and second filter mats, wherein the first fiber dismeter is different from
the second fiber diameter, and cach filter mat has a difforent pore size rafing as determined by
the actual pore stzes.

00 In another embodiment of the invention, the first and second polyvmeric fibers in the
compostie filter media are nanofibers.

PG in another embodiment of the mvention, the first and second polymeric nanefibers are

clectrospun nanofibers,

LIRE fn certain embodiments, the invention provides a composite filter media containing &
ieriayer having a coarser pove size when compared o cither of the first or second filer layers,

wherein the mean pore size of the nterlayer iy approximately 2 to 100 times larger than the mean
pore size of the fivst or second fiber contatning Hlter layers on either side of the wterlayer, such

that the resulting composite filter media has an inereased divt holding capacity compared to filter

v
o

layers that are iayered directly over cach other without the prosence of the coarser inderdaver

therebetwesn.
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1012} in still other enbodiments, the mvention provides 8 Huid Blivation device housing a
fluid filtration structure comprising a compostie media made from one or more poiy'n'ze@”ig non-
woven coarse interlavers located between at least two polymcric fiber contaming filier mats,
131 v another embodiment of the invention, the at least two polymeric fibers in the
conmpostte filter media are nanniiber

i In another embodiment of the wvention, the nanefibers are electrospun nanofibers,
RERE i atill other embodiments, the invention provides methods of using and methods of
roaking 8 flud fleeation deviee housing a flud filtration stracture comprising a corapostie media
made from one of more polymernic non-woven coarse interlavers located between at least two
polymeric fiber containing filler mats.

6] Agotber embodiment of the mvention provides methods of using and methods of

H oo

making the composite media wherein the polymeric fibers ave nanofibers.

(1T Another erobodirsent of the invention provides methods of using and methods of
making the compostic media wheren the polymeric nanefibers are electrospun nanofibers,

FHE] Additional foatures and advantages of the crobodiments of the wvention will be set
forth in the detatled description, claims, and drawings which follow. The specific embodiments

deseribed herein are offored by way of example only and are not meant to be hmiting i any
way, Many modifications and variations of thiy lnvention can be wade without departing from s
spirtt and scope, as will be apparent to those skatled w the art. Further aspocts and advantages of

the present mvention will become apparent from the description hevenafter,

BRIEF DESCRIPTION OF THE DRAWINGS

[019] Figs. 1A, 1B, and 1C depict cross-sectional views of composite media structures in
accordance with certain embodiments of the invention, and Fig. 1D depicts a cross-sectional
view of a prior art multilayer filter media with no interlayers located between each filter layer;
[020] Figs. 2 is a bar graph showing the effect of the filter layer arrangement and the
presence or absence of an interlayer on throughput capacity of a filter device in accordance with
certain embodiments;

1021} Fig. 3 is a bar graph showing the effect of the filter layer arrangement and the presence
or absence of an interlayer on throughput capacity of a filter device in accordance with certain

embodiments: and

-}
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Ha2 Fig. 4 s & bar graph of showing the effect of the filter layer arrangement and the
presence or absence of an interlayer on throughput capacity of a filter device in accordance with
certain embodiments.

0231 Fig. 5 is a bar graph of showing the effect of the filter layer arrangement and the
presence of an interlayer on throughput capacity of a filter device in accordance with certain

embodiments.

DETAILED DESCRIPTION GF EMBODIMENTS OF THE INVENTION

(0241 Einless otherwise ndicated, all numbers oxpreasing guantitics of ingrodients, cell
culture, treatment conditions, and so forth used in the specification, cluding claims, are 1o be
understood as being modified in all instances by the term “about.” Accordingly, unless otherwise
ndicated to the conirary, the numerical parameters are approximations and may vary depending
upon the destred properties sought o be obtaimed by the present imvention.

o253 For the purposes of this specification and appended claims, unioss otherwise indicated,

all numbers expressing quantitios of jngredients, percentages of proportions of materials,

reaction conditions, and other nomerical valuey used i the specification and clamms, are o be

undersiond as being modified n all mstances by the termn "about”.
H026] Accordingly, unless indicated to the contrary, the numerical parameters set forth i the

foliowing specification and attached clajmas are approximations that roay vary depending upon
the desired properties sought (o be obtatned by the present tnvention. At the very least, and not
as an attempt to limit the apphication of the doctrine of equivalents to the scope of the claims,

cach oumerical parameter should at least be construed in hght of the nomber of veported

significant digits and by applyving ordinary rounding techniques.
1027} MNotwithstanding that the numerical ranges and parametors seiting forth the brosad
scope of the fnvention are approxumnations, the numerical values set forth i the spectfic

examples are reported as precisely as possible. Any numerical vahue, however, inherently
contains cerfain errors pecessarity resulting from the standard deviation found in thetr respective
tosting measurements, Moreover, all ranges disclosed herein are to be nnderstood to encompass
ali subranges subsumed therern.

H28] Recitation of ranges of values herein are merely intended to serve as a shorthand

rocthod of reforring individually to cach separate value falling within the range, unless otherwise
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indicated herein, and each separate value 8 incorpovated o the specification as if it were
mndividually rectted horein.

1291 All methods deseribed herein can be performed o any suitable order unless otherwise
fudicated herein or atheranse clearly contradicted by contaxt,

0307 The use of any and all cxamples, or exemplary language {e.p., "such as"y provided
herein, is intended merely o better illuminate the nvention and does not pose a limitation on the
scape of the invention unless otherwise claimed. No lanpuage in the specification shouid be
coustrued as indicating any non-claimed clement ag cssential to the practice of the mvention.

0314 Many modifications and variations of this invention can be made without departing

from its spinit and scope, as will be appareat fo those skalied m the art. The specific embodiments
described herein are offered by way of example only and are not meant to be Himiting in any
way. 1t is intended that the specification and examples be considered as exemplary only, with the

- claims,

e scope and spinit of the fovention being ndicated by the fellowing

F0321 Hefore describing the prosent mvention i further detatl, a number of torms will be
defined. Use of these terms does not brvat the scope of the mvention but only serve o facilitate
the deseription of the tnvention. Additional definttions may be set forth throughout the detatled
descriphion,

I DEFINITIONS

1033} The ase of the torms "a” and "an” and "the” and siratar reforends 1 the context of
describing the mvention {espectally w the context of the tollowing claims} are to be construed {o
cover both the singular and the plural, unless otherwise indicated herein or clearly contradicted
by context.

034} Unless otherwise indicated, the term “at least” preceding a series of elements is to be
anderstood to refer to every element i the senes.

O3S As used herein, the term "nanofibers” refers to fibers having diameters varving from a
fow nanometers up o 1,000 nanometers.,

13361 As wsed herein, the tormy “Huid fltration structare”, “composite media”, “composite
medium”, "filter medium” or "Hler media” refer 1o a collection of matenals through which a
fanid carrying the product of futorest as well as parficles and contamimants passes, wherein the

particles and contaminants ave deposited i or on the media,

Ay
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HO37 Ag nsed herven, the torm “permeability” refers to the rate at which g volume of fiuid
passes through a filtration medinm of 8 given arga at a glven pressure drop across the filter,

Convoon units of perrocability are Blers per square meter per hour for cach pst of prossure drop,
abbreviated as LMH/pst

(38 The term “electrospimning” or “electrospun’”, as used herein, refers to an clectrostatic
spinning process of producing nanofibers from a polymer solation or melt by applyiog an clectnie
potential to such sohution. The electrostatic spinning process for making an alectraspun nanofiber
roat for & filiration wedium, weluding a suitable apparatus for pertorming the electrostatic
spiniing process 18 disglosed in International Publication Nos. WO 2005024101, WO
2006/13 1081, and WO 2008/106903, cach fully meorporated hevewn by reforence, and cach
assigned to Elmarco 5.R.Q1, of Liberec, Czech Republic,

130 The torm “panofiber mat” as used heretn, rofers to an assembly of multiple nanofibers,
such that the thickness of the wat s typically at feast about 18 times greater than the diameter of
a single fiber in the mat, The nanofibers can be arranged randomly in the mat, or aligned slong
one or ultiple axes.

P40 The terrn “biopharmaceuntical preparation” or “sample” as used herein, refery to any

fuid coraposition containing a pr@éuct of wterest {e.g., a therapeutic protein or an antibody)
and unwanted compouents, particles, and contaminants or particles, such as profein aggrepates
{e.g., high molecular woight aggregates of the product of interest),

L EXEMPLARY FLUID FILTRATION STRUCTURES

41

pA—

Fig., 1A depicts an exemplary embodiment of the flaid fiteation structure {20}
weluding a composite media comprising at least one coarse porons nonwoven interfayer (25)
located between first {263 and second (2K} electropsun polymeric fiber containing filter mats.

1042} Fig, 1B depicts an oxemplary embodiment of the fhud Qitration structure (30}
ncluding a mmpmi‘fe media comprising at least one coarse porous nonwoven mierlayer (35}
focated between fivst (32) and second (36} eleciropsun polymeric fibor containing filter mats, and
additional electropsan polymeric fiber containing mats {34, 3&) cach having a different pore size
rating compared to the first and sccond fiber containing mats, Mats (36, 38) and (32, 34} are
layered respectively over cach other w0 form an asymmetric structure. Creating asymmetry in

such mat structures improves the dirt holding capacity of the composite media filters. In effect,

the coarser portion of the fluid filiranon structure that faces the challonge sfream acts as prefilie
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for the finer portion of the strocture that s designed to prevent passage of particles lavger than a

¥

specified size (the "retontive” layer).

0

fwelnding a composite roedia comprising at least one coarse porous nonwoven nierlavers (45)

et
(e
P

Fig. 1 depicts an cxemplary embodiment of the fHoid fiftration structure (40}

located between first (42) and sccond {44}, third {46} and second (44} and fourth (48} and third
{46} clectropsun polvmeric fiber containing filter mals

i EXEMPLARY NANOFIBER POLYMERIC MATERIALS

044 Certain exemplary embodinents of polymers suttable for use as the clectrospun
nanofibers of the invention include thermoplastic and thermoset polymers. Nonhimiting examples
of suitable polyreers melude nylon, polyimade, aliphatic polyamide, aromatic polyanude,
pelvaulfone, celinlose, cellulose acotate, polvether sulfone, polvurcthane, poly{urea wrethang),

1
A

polvbenzimidazole,  polyetherimide,  polyacrvlonitnie,  poly{ethylene  terophthalate),

polypropylene, polyanidine, poly{ethylene oxide), poly{cthyviene vaphthalate), poly(butvienc
terephihalate}, styrenc butadione rubber, polystyrone, polyiviayl chloride), poly{vinyl alcohol},
polytvinyl acctale), poly{vinviidene fluonde), poly{vinyl butylene), copolymers, derivative
compounds, blends and combinations thercof, Suitable polyamide condensation polymers,
welude nyvlon-6; nyion-4,6; nylon-6,6nyvton 6,6-6,10; copolymers of the sarne, and other lnear
generally aliphatic nylon compositions and the like

0451 The torm “nylon” as used herein wncludes nvlon-6, nylon-6,6, nylon 6,6-6,10, and
copolymers, dertvative compounds, blends and combinations thereof,

IV, EXEMPLARY METHODS OF FORMING POROUS FIBROUS MATS

{0461 Certain exemplary embodiments of the fibrous porous mals ave made by depositing

F)
H

nanofiber(s) from g nylon selution, Such nanofiber filter mats have g pra

basis weight of
between about 0.1 g/m® and about 10 g/m?, as measured on a dry basis, {L.e, after the residual
solvent has evaporated or otherwise been removed).

47 in other oxemplary erabodirents, the nylon is dissolved 1 & mixture of solventis

including, but not Hmited to, formic acid, sulfuric acid, acetic acd, 2,2 2-trifleorocthancd,

2.2,2,3 .3, 3-hexatiuoropropanol, and water.
48] In other cxemplary embodiments, the nylon solution 18 prepared by dissolving dry
nylon polymers in one group of solvents (i.e., first preparing a stock solution) then adding other

solvenis to make the solution ready for electrospinning.
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04591 In other exemplary embodiments, the nylon polymers (Le., stariing) are partially
hydrolyzed over the course of solution preparation, such that the average molecular weight of the
partially hydrolyzed nylon polymers (i.e., ending) are less than the average molecular weight of
the starting nylon polymers,

H3501 in cortain exemplary embodiments, s single or mulitlayered porous coarse nonwover
interiayer subsirates or supports are arvanged on a moving collection belt to colleet and combine
with the clectrospun nanofiber filter layer, forming a composite filtration media structure.

H5 1 One preferred method for generating porous filter membranes for particulate removal
ia 1o place fibers of a controlled size on & porous mat substrate such that the spaces among the
fibers constitnte the filter pores. The average pore diameter is related to the fiber diameter

according to Eguation 1 below:

{ s
521 @= w&-"“*»‘v\‘
dg
HINEY Hauation § {where d is the average pore digmeter, 18 the fiber diameter, and €15 the
porosity of the mat}
3541 A corposite graded fiber flier strocture can be formed by lavenng filter mats of

different controlled fiber sizes on cach other. In this way, an essentially asymrsetric porous
structure can be formed. As provided above, this asymmetric porous structare allows for a higher
dirt holding capacity than a symmeiric structure,

H55] Fig. 1D depiets a conventional graded fiber filter oat arrangemcunts (58 wherein the
fiber contanning filter mat layers are typically laid divectly against cach other, (52, 34, 56, S&)
056} However, i has been surprisingly found that by separating the fiber filter mat layers
with a porous mtcrlayer having s much coarser pore stze than any of the fiber filter mat lavers,
clogping resisiance i such fiber filtration struciures are substantially improved compared o
filtration structures where the fiber filter roat layers are divectly m contact with each other {ic.,

no porous support inferlaver located between cach filtration mat layery. (Fig, 1A)

,..
o
e
rV

HO57] The roechanism that allows for the higher clogging resistance associated with

N

25

coarse fnterlayer separating the individual fiber mat layers s not well understood, although it ¢
be speculated that particles may have an inereased tendency to become frapped at the interface

I

botween fiber roat layers of different fiber sizes. Regardless of the actual wechanism, the
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addition of a porous coarse nterlayer results in reduced filter clogping and therefore noreased
service Hife of the filter.

FOSKY Other considerations for choosing a multilayered filtration structure include econornics
and convenience of media and device manufacturing, as well as ecase of sterilization and
validation. The preferred filter layer configuration for the filtration medium is often selected
based on practical considerations.

V. EXEMPLARY INTERLAYER SUBSTRATES FOR COLLECTING THE NANCFIBERS
(0597 The fluid filter layers collected or deposited on the coarse interlayer are either a single
or multi-layer configuration,

FO6U; Exaraples of single or nmultilayered porous coarse interlayers wnclude, but are not
limited to, spunbonded nonwovens, meltblown nonwovens, needle punched nonwovens,
spuniaced nonwovens, wet laid nonwovens, resin-bonded nonwovens and combinations thereof.
Hel Exemplary embodiments of the porous coarse mierayer are made from synthetic or
natural polymeric materials, Thermoplastics are a uscful class of polymers for this use.
Thermoplastics mclude but are not hmited to polyolefins such as polyethylenes, inchuding
ultrahigh molecular weight polyethylenes, polypropylenes, sheathed polyethylene/polypropylene
fibers, PVDF, polysulfone, polyethersulfones, polyarylsulphones, polyphenylsulfones, polyvinyl
chlorides, polyesters such as polyethylene terephthalate, polybutylene terephthalate and the bike,
polyamides, scrylates such as polymethylmethacrylate, styrenic polymers and mixtures of the
above. (ther synthetic matenials include celluloses, epoxies, urethanes and the like.

(0623 Suitable porous coarse interlayer substrates include porous non-woven substrates, (i.c.,
those baving pore sizes frorg about (1) um to about (100 um.

{0631 The porous coarse interlayer material can be hydrophilic nonwovens or hydrophobic
noowovens and tnclude, but are not luwited to, polyolefins, polypronyiene, polyvinyhdene
fluoride, polytetafluoroethvlene, polysulfones, polycarbonates, polyesters, polyacrylates, and
polymethacrylates,

0641 The porous coarse interlayer has two major opposing surfaces or sides {1.¢., opposing
first and socond sides) associated with a geometric and/or physical structure and/or shape of the
interlayer. When the composite roedia s being used in samaple filtration, fluid will flow from one

side {surface) through the interlayer substrate and through the opposing other side (surface).
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10651 The thickness dimension between the two opposing surfaces of the interlayer is
porous. This porous region has a surface area associated with the pores. In order to prevent
confusion related to the torms "surface”, "surfaces”, or "surface arca,” or similar usages, the
georvetric surfaces will be referred to as external or facial surfaces or as sides, The surface arca
associated with the pores will be referred to as internal or porous surface area.

(366} Porous material of the interlayer corprises pores which are empty space, and the solid
matrix or skeleton which makes up the physical cmbodiment of the interlayer material. For
example, m a non-woven interlayer, the randomly oriented fibers make up the matix and give
the interlayer its form,

10677 When the composite media includes a coating or covering on 4 surface of the
composite media means that the internal and external surfaces are coated so as to not completely
block the pores, that is, to retain a significant proportion of the porous structure for convective
flow. to particular, for the internal surface area, coating or covering rocans that the porous matnix
is coated or covered, leaving a significant proportion of the pores open.

Vi, EXEMPLARY TEST METHODS PERFORMED

e8] “Basis weight” is determined by ASTM D-3776, which is incorporated herein by
reference and reported in g/m?.

FO69] “Porosity” was calculated by dividing the basis weight of the sample in g/m’ by the
polymer density in g/cm’, by the sample thickness in micrometers, multiplying by 100, and
subtracting the resulting number from 100, Le., porosity =100 - [basis weight/{density x
thickness) x 100].

1701 Fiber diameter was determined as follows: a scannng electron microscope (SEM)
image was taken at 60,000 times magnification of each side of a nanofiber mat sample. The
diarseter of ten (10) clearly distinguishable navofibers were measured from each SEM image and
recorded. Defects were not included (i.c., lumps of nanofibers, polymer drops, intersections of
nancfibers). The average fiber diameter of cach side of the nanofiber rat sample was caleulated.
The measured diameters also include a metal coating applied during sample preparations for
SEM. It was cstablished that such coating adds approximately 4 to 3 nm to the measured
diameter. The diameters reported here have been corrected for this difference by subtracting §

nm from the measured diameter,

10
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H71 Thickness was determined by ASTM D1777-64, which is incorporated herein by
reference, and is reported in micrometers {or microns) and is represented by the symbeol “um”
1724 “Permeability” 18 the rate at which fluid passes through the composiie filter media
samples of a given ares at a given pressure drop, and rocasured by passing detonized water
through composite filter media samples having a diameter of 25 (3.5 om” filiration arca) mm.
The water was forced through the composite filter wedia samples using hydraulic pressure
{water head pressure} or pneumatic pressurc (air pressure over water).
10731 The “effective pore size” of an clectrospun mat can be measured using conventional
membrane techoiques such as bubble point, hquid-liquid porometry, and challenge test with
particles of certain sizes. It 18 known that the effective pore size of a fibrous mat gencrally
increases with the fiber diameter and decreases with porosity.
H74 Membrane manufacturers assign nominal pore size ratings to commercial membrane
filters, which usually indicate meeting certain retention criteria for patticles or microorganisms
rather than geometrical size of the actual pores.
7S The mvention will be further clanfied by the following exaroples of cxemplary
erabodiments which are intended to be exemplary of the vention,
(76 Examples
(77 Preparvation of nylon stock solution for electrospinning
7] Example 1. provides an oxcmplary procedure for proparing a nylon solution for
electrospinning i accordance with certain embodiments of this mvention.
10791 Nvion 6 was supplied by BASF Corp., Florham Park, NI, USA, nnder the trademark
Ultrarowd B24. Solutions of the Nylou 6 were prepared in a mixture of two solvents: acetic acid
and formic acid, present in weight ratio 2:1. To generate fibers of approximately 120 nm in
diarseter, an 11% wi solution of Nylon 6 was prepared, to generate fibers of about 160 nm in
diameter a 12.4% wt. solution of Nylon 6 was prepared, and to generate fibers of about 200 nm
i diameter, a 13.7% wi. solution was prepared. The solutions were prepared by vigorously
stirring each mixture of solvents and polymer in a glass reactor for 5 to 6 hours at 80 °C. The

solutions were subsequently cooled to room temperature,

O8] In BExample 1, nylon nanofiber mats are made from navofibors baving two difforent
fiber diameter sizes produced by clectrospinning, wherein {1} the first mat s approximately 20

wm thick and contains nanofibors having a fiber diavocter approximately 120 nm, and designed ©

i
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retatn the bacteria b dimimig, and {2) the second mat is also approxiraately 20 o thick, and
contains nanofibers having a fiber diameter approximately 200 nm, wherein the second mat has a
praporiionally higher pore size than the fivst mat,

FORTH The second mat can function as a prefilter faver for the 120 nm diameter fiber
containing first mat.

13821 Oue st of filtration devices were prepared such that the Z00 nm fiber diameter

containing sccond mat was layered divectly over the 120 nm diameter fiber containing first mat,

-

i an OptiScale 25 capsule format (EMD Mulipore Corporation, Billerica, MAY, OptiScale 25

X

il

capaule devices contain membrane disca having a nominal 25 mm diameter and contan 3.5 cm®
of frontal surface arca.

83 A second set of filtration devices were prepared such that a polypropviene nonwoven
interiayer having fiber diameter in the range of & wim to [0 o was mnserted in between the 200
wn digmeter fiber confatning second mat and 120 v diavocter fiber containing frst mat.

R4 Hach of these filtor arrangements were then challenged with a stream consisting of 2

g/t EMIDY sov (cell culture modia) w water fltered through a 045 pm rated roembrane, operated

FORSH Figure 2 illustrates that a filter arrangeroent having a porous second mat containing

nanofibers having o fiber diameter of approximately 200 nwm layered directly on a porouy first

ot
3
5
'y

mat containing nanofibers having a fiber diameter of approxivaately 120 o achioved a higher
throughput capacity when compared to a filter arvangement having & single porous mat
containing nanofibers having a fibor diameter of approximately 120 nm. Howeover, it was
surptisingly discovered that a Rltration strocture contaiving a coarse nonwoven interlayer located
between the porous nanofiber mat containing fibers having diameter of approximately 200 nm
and the porous nanofiber mat condaning fibers having a diameter of approximately 120 nm
exhibited a throughput capacity higher than either one of the first two filter arrangements.

861 Exampie 2 further demounstrates the sdvandage of nchuding & coarse porons wterlayer
between two filier layers where, in addition to the mats containing fibers having diameters of
approxamately 120 nm and 200 am of Example 1, an additions! nanefiber contaming roar was
generated approximately 20 wicrons thick contarning fibers baving a diarocter of approximately
160 nm. This additional nanofiber contaming mat was placed 1 between the 128 nm fiber

containing wat and 204 nm fiber contaning mat,
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HORTY Figure 2 tllustrates a first set of fiivation devicey wheretn the nanofiber containing
mats were layered divectly over sach other. For the second set of filtration devices, a ¢oarse

polypropylene nonwoven layer having an approximate fiber diameter of about 5 um to 10 pm
was placed in between the 120 nm fber confatming mat and 160 v fiber containing mat, and the
160 i fiber containing mat and 208 nm {iber containing mat. As n Example 1, alf the filter
structures were placed mito GptiScale 23 capsules,

88 As in Example |, the graded fiber structures outperformed the single layer structures.
Furthermore, the stroctures containing the nonwoven coarse interlavers ouniperformed the

H

structures where the sanofiber mats were layered directly against cach other

08T Asymmetric or graded pore structure filters allow for freproved throughput capacity
compared fo symmetric structures, It was surprising that adding 2 porous support in between

nanofiber layers of different fiber sizes further enhances the capacity benefit of the asymmetric
structure.

0901 Example 3 alsn domonstrates the advantage of tncluding a coarse porous interiayer in
between two filiration layers. The three nanofiber lavers desenbed o Example 2 are amang
such that a nyvlon nonwoven interlaver about 75 pw thick and consisting of fibers having a fiber
diameter of about 15 gm to 26 wro 18 placed adjacent to the 160 nrn nanotber layer. In another
variant, the nylon nonwoven mnterlayer 1s placed only between the 160 nm and 120 nm nanofiber
layers, and the 200 nm nanofiber layer was placed adjacent to the 160 nm nanofiber layer.

10911 The throughput capacity of these two filtration structures were measured as described
in Example 1, and compared to the filtration structure where no nonwoven interlayer was present
{1.c., the three nanofiber layers are adjacent to each other), and the filtration structure coutainmg,
and placed between the 160 am and 120 nm nanofiber layers

1092} Figure 4 ustrates that the highest performing composite media filter structure had a
nonwoven interlayer placed between both the 200 nm and 160 nm nanofiber containing layer and
the 160 nm and 120 nm nanofiber containing layer. The composite media filter structure having
the nonwoven interlayer placed only between the 200 nm and 160 nm nanofiber containing
layers exhibited & capacity performance intormediate to the filier structure without any
noowoven layers and the structure with two powwoven layers. The dit holding capacity

performance of the filter structure where the nylon nonwoven interlayer was placed only
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between the 160 nm and 120 nm nanofiber containing layers was not significantly different than
the filter structure without any nonwoven interlayer.

1093} Example 4 dervoustrates the advantage of including a coarse porous wterlayer m
between two filtration favers that are designed for retention of myveoplasma and retrovirases,
Nanofiber mats consisting of 70 nm nanofibers have pore sizes capable of retaining mycoplasima,
and nanofiber mats consisting of 40 v Bbers have pore sizes capable of retaining refrovivuses,
Nanotiber mats of 70 nim and 40 nm were joined to the three nanefiber layer stracture described
th cxampie 3. Inone variant, a nylon nonwoven wnterfayer about 75 wm thick and consisting of
fibers having a fiber diameter of about 15 um to 28 um was placed between the 70 nm and 40
am vanofiber layers. {v a secound variand the 70 no and 40 wue fber lavers did not have an
interiayer between ther,

094]  The throughput capacity of these two filtration structures were measured as described
in Exarople 1. Figure 5 illustrates that the composite wedia filter structure containing a
nonwoven interlayer placed between both the 70 nm and 40 nm nanofiber containing layer
exhibited a capacity performance superior to the filier structure without any vonwoven layers
between the 70 and 40 nm nanofiber layers.

[095] Methods of use

[0%906] In certain embodiments the wvention may be used for filtering, separating, preparing,
identifying, detecting, and/or purifying hquid biopharraaceutical preparation samples of nterest
from liquid samples.

10971 In other embodiments, the present invention can be used with sample preparation
rocthods including, but not himited to, chromatography, high pressure hiquid chrorvatography
{(HPLCY, electrophoresis; gel filtration; sample centrifugation; on-line sample preparation;
diagnostic kits testing; diagnostic testing,; transpott of chericals; transport of blomelecules; high
throughput screening: affinity binding assays; purification of a liquid sample; size-based
separation of the components of the fluid sample; physical propertics based separation of the
conmponents of the thud sample; chemical properties based separation of the components of the
fluid sample; biological propertios based separation of the cormponents of the fluid sample;
electrostatic properties based separation of the components of the fluid sample; and,

combinations thercof.
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098]  Conventional processes for protein production often invelve cell culture racthods n
which mammalian or bacterial cell lines are recombinantly engineered to produce the protein of
mterest. Filters can be used to reduce biorcactor contamination by microorganisms such as
bacteria, fungi, mycoplasma, and virases. For example, nanofiber membranes that include a mat
of nanofibers of 120 nm in diameter are suitable for the removal of bacteria of genus
Brevendumonas diminurg, Nanofiber membranes that inchide a mat of nanofibers of 70 nm in
diameter are suitable of the removal of mycoplasma, principally of the genus Acholeplasma

{aidiawii.

0991  The growth of cells 1 bioreactors 1s aided by the use of cell cubture roedia, which
countain pools of proteins, amino acids, and additives. These additives can clog the filter as they
become trapped in the filter medium, closing fluid pathways, and thereby Hmiting the life of the
filter. As desceribed i example 1, EMD soy is a cell culture voedia that can clog the bactenial
retentive layer in a nanofiber filter. Therefore, while filters that remove bacteria or mycoplasma
can be used to filter the media, they may have a limited hife due to the described clogging
phenomenon. A filter employing the embodiments of this invention, in which a prefilter layer
and a nonwoven interlayer s placed upstream of the bacterially retentive nanofiber layer for
example, can be used to filter this media and will have a longer life compared to filters made
using the prior art,

[0100] Al references, including publications, patent applications, and patents, cited herein are
hereby incorporated by reference to the same extent as if cach refercnce were mdividually and
specifically indicated to be incorporated by reference and were set forth in s entivety heren,
101017 Preferred embodiments of this invention are described herein, include the best mode
known to the inventors for carrying out the invention. Of course variations of the preferred
embodiments will become apparent to those of ordinary skill in the art upon reading the
foregomg description. The mventors expect skilled artisans to employ such variations as
appropriate, and the inventors mntend for the invention to be practiced other than as specifically
described herein. Accordingly, this invention mclades all modifications and equivalents of the
subiject matter recited in the clatms appended hereto as permitted by applicable faw. Moreover,
any combination of the above-described clements 1 all possible variations thereof is

encompassed by the juvention unless otherwise indicated bhercin or otherwise clearly
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contradicted by context. The disclosure set forth above may encompass multiple distinet
inventions with independent utility. Although cach of these inventions has been disclosed in its
preferred form(s), the specific embodiments thereof as disclosed and illustrated herein are not to

be considered 1n a limiting sense, because numerous variations are possible.
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WHAT IS CLAIMED I5:

1.

o)

G

L

0.

o]

18

A compostie media comprising:

a porous interlayer having opposing first and sceond sides,

a first fiber containing filter layer located on the first side of the interlayer; and

a second fiber containing filter layer located on the second side of the interlayer,
wherein the fibers in the first and second fiber containing filier layers have a different
fiber diameter, and cach fiber containing filter layer has a different pore size rating, and
the mterlayer has a coarser pore size than cither the first or second fiber contaming filter
tayers.
The media sccording to claim 1, wherein the fibers in the fivst and sccond fiber
contatning filter layers are a polymer material selected from the group consisting of
thermeplastic polymers and thermoset polymers.
The roedia according to claim 2, wherein the fibers are nanofibers.
The media according to claim 1, wherein the interlayer comprises a nonwoven.
The media according to claim 4, wherein the nonwoven comprises a polymeric nanofiber.
The media according to claim 3, wherein the polymeric nanofiber is made from
polypropylene,
The media according to claim 3, wherein the nanofibers in the first fiber containing filter
layer have a fiber diameter from about 10 nra to about 1,000 nr, and the nanotibers in
the second fiber containing filter layer have a fiber diameter from about 10 nm to about
1,000 nm.
The roedia according to claim 1, wherein the fivst and second fiber containing filter layers
comprise electropsun nanofiber mats.
The media according to claim &, wherein the nanofiber 18 a polymer matenal selected
from the group consisting of thermoplastic polymers and thermoset polymers.
The media according to claim 8, wherein the nanofiber is g polymer material selected
from the group consisting of thermoplastic polymers, thermoset polymers nylon,
polvirmde, aliphatic polyamide, aromatic polyamide, polysulfone, cellulose, cellulose
acetate, polyether sulfone, polyurcthane, poly{urea urcthane), polybenzimidazole,
polyetherimide, polyacrylonitrile, poly{ethylene terephthalate), polypropylene,

polvaniling, poly{ethylene oxide), poly{ethylenc naphthalate), poly(butylene

[
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terephthalate), styrene butadiene rubber, polystyrene, poly{vinyl chloride), polv{vinyl
aicobol), poly(vinyl acetate), poly{vinylidene fluoride}, poly(vinyl butylene}, copolymers
and combinations thereof,

11, The roedia according to claim 8, wherein the nanofiber is a polymer material selected
from the group consisting of nylon-6, nylon-6,6, nylon 6,6-6,10, nylon-6 copolymers,
nylon-6,6 copolyroers, nylon 6,6-6,10 copolymers and mixtures thereof,

12.  The media of claim 1, wherein the first fiber containing filter layer has a thickness from
about 1 pm to about 1,000 wm and the sceond fiber containing filter layer has a thickness
from about 1 um to about 1,000 um.

13, The media of claimn 1, wherein the first and second fiber contaning filter layers are
selected from the group consisting of gridded filter, curricular shaped filter, disc shaped
filter, pleated filter, depth filter and combinations thereof.

14, The roedia of claim 1, wherein the mean pore size of the mterlayer is approximately 2 to
100 times larger than the mean pore size of the fiber containing first or second filter

layers ou either side of the interlayer.

[
in

A fhuid filtration device comprising:
holder having an inlet, a filtrate outlet, a retentate outlet, and the composite redia
of claim 1,
wherein the composite media 18 located in the holder and separates the holder mto
an upstream compartment and a downstream compartment.
16.  The fluid filtration device according to claim 15 is selected from the group consisting of a
plastic holder, laboratory device, syringe, microtiter plate, metal bolder, filier cartridge,

and cartridge.

¥

SUBSTITUTE SHEET (RULE 26)



