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FIGUNE 1A

(57) Abstract: A tluid filtration device containing a composite filter media having a coarse porous polymeric nonwoven interlayer
located between first and second polymeric fiber containing filter mats. The fiber diameters of the fibers in the first and second filter
mats are different from each other, and each filter mat has a different pore size rating. The first and second polymeric tibers in the fil-
ter mats can be electrospun nanofibers. The interlayer has a coarser pore size when compared to the either the first or second filter
mats, such that the resulting composite media has an increased dirt holding capacity compared to filter layers that are layered directly

over each other without the presence of a coarse interlayer therebetween.
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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,

LD OF CINVENTION

001} The present invention relates generally to flmid filtration devices, and more particularty
to a fluid filation device ncorporating a composite wedia filler structure, as well as methods of
using and making such devices and structures.

BACKGROUND OF THE INVENTION

H02] Fhud filters designed for removal of wnwanted particulates and contaminants ave
suscepiible to clogging due to the fact that as particles and contaramants become trapped w the
filter medium, thid pathways become closed or restricted, The capacity or service life of a filter
15 related to s ability to flow fuid at a rate above a minimur value, or to maintain & desired
flow rate at a pressure below a roanam value.

(U3 One approach fowards increasing the required dirt-holding capacity or service life of g
filter s o protect the final filter with a prefilter having a coarser struchure. A prefilter will
generally have a particle size removal rating larger than that of the final filter. Because the
coarser struchure of the prefilter will remove relatively large particles that would otherwise clog

o~

fife of the final filter will be increased. In addition, owing to its coarser

the final filter, the service
structure, the prefilter will not clog as readily as the final filler against the same particulate
challenge. Therefore, the combined prefitter and final filter allows for a longer filter service hife
as compared to the final filter by itself)

{0041

The addition of a coarser structure prefilter to a Hlter device does however have

rmrm

drawbacks, such as the cost associated with supporting and housing the additional prefilter

material i a device, The addition of a prefilter can morease the tolal space occupied by the

<

o~

filtration syster. This increase m filter volame 8 considered a drawback since compaciness is a
desired property of a fltvation system.

05 it 18 therefore desirable fo develop a thud filtration structure having an increased
service Hife and required divt-holding capacity, capable of reraoving refatively large contanunents

and particles that would otherwise clog a final filter. It s also desirable to lower the
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manufacturing cost of a fhuid filiration device, as well as reduce the overall size requirenments of

such a device, by incorporating a fluid fillration structure having these advantageous propertics

SUMMARY OF THE INVENTION

(UG in response to the sbove needs and problems associsted with prefiiter and final filter
assernblics, the present tnvention provides fhnd fltvation stractures comprising a composite filter
media having & coarse porons interlayer located between at least two fiber containing porous
filter layers. In cortain embodiments, the at least two porous filier layers are made from
electropsun polymeric nanofibers cach having a different fiber diameter.

ENEJ

....,/

Another emnbodiment of the mvention includes a conpostie filter media containing one
or more polvmeric non-woven coarse fnterlayers located between the at least two polymeric fiber
containing filter lavers or mats,

FOOKRT Other embodiments of the mvention include a composite flter media having (i) & first
fittor mat comprising first polvmeric fibers having a first fiber diameter, {11} a sccond filter mat

comprising sceond polymwerie fibers having a second fiber diameter, and (i) a coarse nterlayer

§
H

incated between the first and second filter mats, wherein the first fiter diameter is different from
the second fiber diameter, and each filter mat has a different pore size rating as determined by
the actual pore stzes.

00 In another embodiment of the inveontion, the first and second polymeric fibers n the
composite filter media are nanofibers.

PG in another embodiment of the invention, the first and second polyineric nanofibers are

clectrospun nanofibers,

LIRE fn certain embodiments, the invention provides & composite filter media contaming 4
iferiayer having a coarser pore sive when compared to cither of the fust or second filter layers,

wheretn the mean pore size of the iterlayer ix approximately 2 to 1080 times larger than the mean
pore size of the fivst or sceond fiber contaming filter layers on either sude of the mterlayer, such
that the resulting composite flter media has an inereased divt holding capacity compared to filter

]

¢ layered divectly over cach other without the preseace of the coarser inferlaver

f—

g

,.,
’)2

layers that

therebetwesn.
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F012] In still other embodiments, the mvention provides a Haid filivation device housing a
fluid filtration structure comprising a compostie media made from one or more polymeric non-
woven coarse interlavers located between at least two polymeric fiber containing filier mats.

HIRY v another embodiment of the invention, the at loast two polymeric fibers in the

composite filter media are nanofiber

i In another embodiment of the fnvention, the nanofibers are electrospun nanofibers,
SRS i still other embodiments, the fnvention provides methods of using and methods of

roaking a flud filteation device honsing a fhud filtvation structure comprisiag a coraposite media
rade from one or more polymenic non-woven coarse interlavers located between at least two
polymeric fiber containung filier mats,

6] Agotber embodiment of the nvention provides methods of using and wmethods of
making the composite media whereim the polymeric fibers are nanofibers.

(1T Another erobodivoent of the mvention provides methods of using snd methods of
making the compostic media wherein the polymeric nanofibers are electrospun nanofibers,

H0

forth in the detatled ¢

18} Additional features and advantages of the embodiments of the wvention will be st

5

escription, claims, and drawings which follow, The specific embodiments

b

5
i

deseribed herein are offered by way of example only and are not meant to be lrating in any
way., Many modifications and variations of this tovention can be made without departing from s
spirtt and scope, as will be apparent to those skilled 1t the art. Further aspects and advantages of

the present mvention will become apparent from the deseription herenafter.

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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10223 Fig. 4 is a 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.

10231 Fig. 5 i3 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 OF EMBODIMENTS OF THE INVENTION

(0241 Enless otherwise indicated, all numbery oxprossing guantities of ingredients, el
culture, treatment conditions, and so forth used i the specification, ncluding claims, are to be
understood as being modified in all instances by the torm “about” Accordingly, unless otherwise
indicated to the contrary, the numertcal parameters are approximations and may vary depending
upon the destred properties sought o be obtained by the present invention,

(025] For the purposes of this specification and appended claims, unless otherwise mdicated,
all numbers exprossing quaniitios of ingredients, perceutages of proportions of materials,

reaction conditions, and other numerical values wsed in the specification and claims, are o be

uniderstond as being modified n all mstances by the terrn "about™
0201 Accordingly, unless indicated to the contrary, the numerical parameters set forth m the

foliowing specification and attached claims are approximations that roay vary depending upon
the desired properties sought {0 be obtained by the present invention. Al the very least, and not
as an attempt to limit the application of the dociring of equivalents to the scope of the claims,
cach vumerical parameter should at least be construed n hight of the wumber of reported
significant digits and by applving ordinary rounding techuiques.

res and parameters setting forth the broad

10271 MNotwithstanding that the nomerical vang
scope of the fnvention ave approxumations, the numerical values set forth m the specific
examples are reported as precisely as possible. Any numerical value, however, mherently
contains cerfain errors pecessarily resulting from the standard deviation found in thewr respeetive
tosting measurements, Moreover, all ranges disclosed hergin are o be understood to encompass
ali subranges subsumed theren,

HO281 Recitation of ranges of values herein are merely intended to serve as a shorthand

rocthod of reforring individually to cach separate value falling withio the range, unless otherwise
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indicated herein, and each separate valne I8 incorporated into the specification as if w0 were
individually rectied herein,

1291 All methods deseribed heremn can be performed in any suitable order unless othorwise
fndicated herein or atherwise ¢learly contradicted by contaxt,

q

0307 The use of any and all cxamples, or exemplary language {e.g., "such as"} provided

herein, is intended merely to better tluminate the mvention and docs not pose & Hmutation on the
scape of the invention unless otherwise claimed. Ne lanpuage in the specification should be
coustrued as indicating any voreclatmed clement as essential to the practice of the wvention
(0311 Many modifications and variations of this invention can be made without departing
from 1ts spirit and scope, as will be apparent fo those skilied m the art. The spectfic embodimends
deseribed heretn are offored by way of example only and are not meant to be luniting v any
way. 1t is intended that the specification and cxaniples be considered as exemplary only, with the
e scope and spinit of the wnvention being ndicated by the following claims.

F0321 Hefore describing the prosent imvention m further detail, a number of torms will be
defined. Use of these torms does not vt the scope of the mvention but only serve to facilitate
the deseription of the nvention. Additional definttions may be set forth throughout the detatled
descriphion,

I DEFINITIONS

1033} The ase of the torms "a" and "an” and "the” and simtar roforents 1o the context of
describing the vention {espectally i the context of the following claims} are to be construed {o
cover both the singular and the plural, unless otherwise indicated herein or clearly contradicied
by context.

'

0341 Enless otherwise indicated, the term “at least” precading a seriey of elements is to be
anderstood to refer to every olement i the senes.

O3S As used heretn, the term "nanefibers” refers to fibers baving diameters varying from a
fow nanometers up fo 1000 nanometers.

10361 As used herein, the formy “fuid fltration structare”, “compaosite media”, “corposite
medinn”, "filter medinm” or "filter media” refer o a collection of matenals i‘hrough which a
fHanid carrying the product of interest as well as particles and cordaminants passes, wheroin th

particles and contaminants are deposited 1 or on the medial

Ay
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1037

:...../

As nsed heretn, the term “permeability” refers fo the rate at which g volume of fluid
passes through a filtration medium of a given arca at & given pressure drop across the filter,
Convoon units of perrocability are llers per square meter per hour for each pst of pressure drop,
abbreviated as LMH/pst

3K The torm “electrospinning” or “electrospun™, as used herein, refers to an clectrostatio
spinntng process of producing nanofibers frow s polymer solution or melt by applying an electrie
potential to such sohution. The electrostatic spinning process for making an electrospun nanofiber
roat for & filration wedium, welnding a suitable apparatus for perforraing the electrostatic
spiniing process 18 disclosed in Infernational Publication Nos, WO 2005/024101, WO
2006/13 1081, and WO 2008/106903, cach fully meorporated herewn by veference, and cach
assigaed to Elmarco 5.R.Q1, of Liberee, Czech Republic,

130 The torm “nanofiber mat” as used herein, rofers to an assembly of nultiple nanofibers,
such that the thickness of the mat 1s typically at least about 18 times greater thao 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.

[640)

The terrn “bigpharmaceutical preparation” or “sample” as wsed heveln, refery to any
fuid coraposiion containing a pr@éuct of terest {e.g., a therapentic protemn or an antibody)
and unwanted compouents, particles, and contamunants or particles, such as profetn aggropates
{e.g., high molecular woight aggregates of the product of interest).

il EXEMPLARY FLUID FILTRATION STRUCTURES

41

pA—

Fig., 1A depicts an exemplary embodiment of the fluid filtration structure {28)
weluding a composite media comprising af least one coarse poroas nonwoeven mterlayer (25}
located between first {26 and second (28} electropsun polymeric fiber containing filter mats.

1042} Fig, 1B depiets an oxemplary embodiment of the fhud filtration structure (38}
ncluding a mmpmi‘fe redia comprising at least one coarse porous nonwoven inferfaver (35)

{

focated between first (32) and sccond (36) electropsun poiymeric fiber containing filier mats, and

additional electropsan polymeric fiber contaming mats {34, 38) cach baving a different pore stze
rating compared 1o the first and second fiber containing mats, Mats (36, 38) and (32, 34} are
layered respectively over cach other to form an asymmetric stracture. Creating asymmetry i
such mat structures improves the dirt holding capacity of the composite media filters. In effect,

the coarser portion of the fluid Hiltration structare that faces the challenge streany acts as prefiltey
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for the fiver portion of the stracture that 18 designed to prevent passage of particles larger than a

specified size (the "retentive” layer).

1043

(e
P

Fig. 1U depicts an exempiary embodiment of the thad filtration structure {40}
fclnding a composite rwedia comprising at least one coarse porous nonwoven nterlayers (45
located between first (42} and second {44}, third {463 and second {44); and fourth (48} and third
{46} clectropsun polvroeric fiber containing filter mals

i EXEMPLARY NANOFIBER POLYMERIC MATERIALS

044 Certain exemplary enmbodiments of polymers suiable for uwse as the clectrospun
nanofibers of the tovention inchude thermoplastic and thermoset polymers. Nonlimiting examples
of suitable polyreers melude nylon, polyimade, aliphatic polyamide, aromatic polyamude,

pelvaulfone, celinlose, cellidose acetate, polyether sulfone, polvurathane, polviurca urethang),

polvbenzimidazole,  polyetherimide,  polyacrylonitrie,  polyfethyiene  terephthalate),
polypropylene, polyanihine, poby{ethylene oxide}, poly{cthyviene naphthalate), poly(buivicne

terephihalate}, styrenc hutadione rubber, polystyrong, polyiviayvt chloride), polyivinyl aicohol},
polytvinyl acctate), polv{vinylidene fluonde), polylvinyl butylene), copolymers, derivative
compounds, blends and combinations thereof Suttable polvamide condensation polymers,
welude nyvlon-6; nyion-4,6; nylon-6,6:nylon 6,6-6,10; copolymers of the sarme, and other fmear
generally aliphatic nylon compositions and the Hke

0451 The torm “nylon” as used herewn wmclhudes nyvlon-6, nyion-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 wals are made by depositing

F)
H

nanofiber(s) from 4 nylon solution. Such panefiber filter mats have a pre

basis weight of

’7

betwoen about 0.1 gim? and about 10 gu” as measured on g dry basis, {Le, after the residual

selvent has evaporated or otherwise been removed),
47 in other oxomplary erabodiraents, the nylon is dissolved i a mixture of solvenis

)

including, but not Hmited to, formic acid, sulfuric acid, acetic acid, 2,2, 2-riflucrocthancl
2,2,2,3.3, 3-hexafluoropropanal, and water.

48] In other exemplary embodiments, the nylon solution is prepared by dissolving dry
nylon polymers in one group of solvents (i.¢., first preparing a stock solution) then adding other

solvenis to make the solution ready for electrospinning.
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P04 In other exemplary embodiments, the nylon polymers (ie., starting) are partially
hydrolyzed over the course of solution preparation, such that the average molecular weight of the
partially hydrolyzed nylon polyrmers (i.e., ending) are less than the average molecular weight of
the starting nylon polymers

(3501 in cortamm exemplary embodiments, & single or multidayered porous coarse nonwover
interiayer subsirates or supports are arvanged on & moving collection belt to colledt and combine
with the clectrospun nanefiber filter fayer, forming a composite filtration media structore.

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

according to Eguation | below:

gy ¥
Ve N Qf = N
Ei&‘?@ WS-8
S.gﬁf
53] Eguation | {where d is the average pore diameter, s the fiber diameter, and €15 the
porosity of the mat}
0541 A composite graded fiber filier siracture can be formed by lavering filter roats of

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

H55] Fig. 1D depiets a conventionai graded fiber filter voat arrangements (50} wherein the
fiber contarning filter vuat favers are typieally laid divectly against cach other, (52, 534, 56, 5%}
056} However, it has been surprisingly found that by separating the fiber filter mat layers
with a porous mtcrlayer having 8 much coarser pore stze than any of the fber filter mat layers,

o

n such fiber filiration structures are substantially tmproved compared o

s

clogging rosistance
filtration structures where the fiber filter mat layers are divectly v contact with cach other (e,
no porous support interlaver located between each filtration mat layer) (Fig, 1A)

HO57] The roechanism that allows for the igher clogging resistance associated with the
coarse fnterlayer separating the individual fiber mat fayers is not well understood, although it can
be speculated that particles may have an incrcased tondoncy to become trapped at the interface

between fiber oat layers of different fiber sizes. Regardless of the actual wechanism, the
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addition of a porous coarse wterlayer results in reduced filter clogging and therefore increased
service Hife of the filter.

FOSKY Other considerations for choosing a mukliilayered filtration structure nclude cconomics
and convenience of media and device manufacturing, as well as case 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 NANOFIBERS
(0597 The fluid filter lavers collected or deposited on the coarse interlaver are either 4 single
or multi-layer configuration,

FO6U; Exaraples of single or multilayered porous coarse interlayers include, 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 interlayer are made from synthetie or
natural polymeric materials, Thermoplastics are a uscful class of polymers for this use
Thermoplastics mclude but are not limied to polyolefins such as polyethylenes, including
ultrahigh molecnlar weight polvethylenes, polypropylenes, sheathed polyethylene/polypropylene
fibers, PVDF, polysulfone, polyethersulfones, polyaryisulphones, polyphenylsulfones, polyvinyl
chlorides, polyesters such as polyethylene terephthalate, polybutylene tersphthalate and the like,
polyamides, scrylates such as polymethylmethacrylate, styrenic polymers and mixtures of the
above. (ther synthetic materials include celluloses, epoxies, urethanes and the like.

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

{0631 The porous coarse interlayer material can be hydrophilic nonwovens or hydrophobic
noowovens and tnclude, but are not lumited to, polyolefins, polypropylene, polyvisyhdene
fluoride, pelytetafluorocthvlene, 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 media 1s being used in sample filtration, fluid will flow from one

side {surface) through the interlayer substrate and through the opposing other side (surface}.
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{0631 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 arca.

H66] Porous material of the interlayer coraprises pores which are empty space, and the solid
matrix or skeleton which makes up the physical embodiment of the interlayer material. For
example, m a non-woven interlayer, the randomly oriented fibers make up the matrix and give
the interlayer its form,

1067 When the composite media includes a costing or covering on a surface of the
composite media means that the internal and external surfaces are coated so0 as o not completely
block the pores, that is, to retain a significant proportion of the porous structure for convective
flow. To particular, for the wternal surface area, coating or covering rocans that the porous matoix
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 scanning 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 nanofibers were measured from cach SEM image and
recorded. Defects were not included {(i.c., lumps of nanefibers, polymer drops, intersections of
nanofibers). The average fiber diameter of cach side of the nanofiber raat 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 5 nm to the measured
diameter. The diameters reported here have been corrected for this difference by subtracting S

nim from the measured diameter,

10
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HO71 Thickness was determined by ASTM D1777-64, which is incorporated herein by
reference, and is reported i nuicrometers (or microns) and is represented by the symbol “um”,
1724 “Permeabihity” 1s the rate at which fluid passes through the composite filter media
samples of a given area at a given pressure drop, and weasured by passing detonized water
through composite filter media samples having a diameter of 25 (3.5 cm” filtration arca) mm.
The water was forced through the composite filter wedia samples using bydraulic pressure
{water head pressure} or pneumatic pressurc (air pressure over water).

10731 The “effective pore size” of an clectrospun roat can be measured using conventional
membrane techniques such as bubble point, hiquid-tiquid porometry, and challenge test with
particles of certain sizes. 1 1s known that the cffective pore size of a fibrous mat generally
increases with the fiber diameter and decreases with porosity,

H74 Membrane manufacturers assign nominal pore size ratings to commercial membrane
filters, which usually indicate weeting certam retention critenia for particles or nmucroorganisms
rather than geometrical size of the actual pores.

175

f—

The mvention will be further clanified by the following exaroples of cxemplary
erabodiments which are intended to be exemplary of the tnvention,

(76 Examples

(77 Preparation of nylon stock solution for electrogpinning

7] Example 1. provides an cxomplary procedure for preparing a nylon solution for
electrospinning 1 accordance with certain embodiments of this invention.

10791 Nvion 6 wag supplicd by BASF Corp., Florham Park, NI, USA, under the trademark
Ultrarord 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 1% wi solution of Nylon 6 was prepared, to generate fibers of about 160 nm
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 nanofibor mats are made from nanofibers having two difforent
fiber diameter sizes produced by electrospinning, wherein (13 the first mat 8 approximately 20

wm thick and contains nanofibers having a fiber diavweter approxivsately 120 nm, and designed 1o

i
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retatn the bacteria b diminurg, and (2} the second mat s also approximately 28w thick, and

contains nanofibers having a fiber diameter approgimately 200 nm, wheretn the second mat has a

vy

praporiionally higher pore size than the first roa
FORTH The second mat can function as s prefilter faver for the 120 nm diameter fiber
containing first mat.

13821 Oue set of filtration devices were prepared such that the 200 nm fiber diameter
containing sccond mat was fayered directly over the 120 nm diameter fiber containing first mat,

¥
)

fiscale 25

J

i an OptiScale 25 capsule format {(EMD Millipore Corporation, Billerica, MA). O

X

2

capsule devices contain membrane discs having a nominal 25 rwom diameter and contain 3.5 cr”
of frontal surface area.

83 A second set of filtration devices were prepared such that a polypropyiene nonwoven
interiayer having fiber diameter in the range of § pum to 10 pm was mserted in between the 200
wn digmeter fiber contarming second mat and 120 um diameter fiber containing fivst mat,

R4 Hach of these filter arrangements were then challonged with a stroam consisting of 2
g/t EMIDY sov (cell culture media) wn water fltered thyoogh a 0,45 pm rated wmembrane, operated
at 2 psig.

FORSH Figure 2 illustrates that a filter arrangereent having 8 porous second mat comtaining
nanofibers having a fiber diameter of approximately 200 nw favered directly on a porous first

mat containing nanofibers having a fiber diameter of approximately 120 nwm achioved a higher

throughput capacity when compared to a filter arvangewment having a single porous mat
containing nanofibers having a fibor dismeter of approximately 120 am, However, it was
surptisingly discovered that & Rltvation strachire containing a coarse nonwaven fnterlayer locsted
between the porous nanofiber mat containing fibers having diameter of approximately 200 nm
and the porous nanofiber mat containing fibers having a diameter of approximately 120 nm
exhibited a throughput capactty higher than cither one of the fivst two filter arrangements.

861 Exampic 2 further demonstrates the advantage of inchuding & coarse povous mierlayer
between two filter layers where, tn addition to the mats containing fibers having diameters of
approxamately 120 nm and 200 nm of Exampie 1, an additionsl nanofiber contatning roar was
generated approximately 20 wicrons thick confaning fibers having a diameter of approximately
160 oo This additional nanofiber containing mat was placed m between the 120 nm fiber

containing wat and 200 nm fiber contaming mat,
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HORTY Figure 2 illustrates a fivst set of filiration devices wheren the nanofiber containing
mats were layered divectly over cach other. For the seeond set of filtration devices, a ¢oarse
polypropylene nonwoven layer having an approximate fiber diameter of about 5 pm to 10 pm
was placed fn between the 120 nm fiber contaning mat and 160 nm fiber containing roal, and the
160 nm fiber containing mat and 200 nm fiber containing mat. As m Example 1, all the filter
structures were placed mio OptiScale 23 capsules.

(088

it

As in Example 1, the graded fiber structures cutperformed the single layer structures.

g

Furthermore, the structures confainmng the nonwoven coarse interfayers ouniperformed the

5

strachures where the nanofiber mats were layered directly against cach other

08T Asymmetric or graded pore structure filters allow for imaproved throughput capacily
compared fo symmetric sivachures, It was surprising that adding 2 porous support in between
nanofiber layers of different fiber sizes further enhance capacity benefit of the asymmetric

structure.

0901 Example 3 also domonstrates the advantage of including a coarse porous interiayer in
between two filtration layers. The three nanobiber lavers desonbed 1o Example 2 are arrawy
such that @ nyvlon vonwoven interlaver about 75 p thick and consisting of fibers having a fiber
diameter of about 15 gm to 20 o s placed adjacent to the 160 v nanotber layer. In another
variant, the nylon nonwoven interlayer is placed only between the 160 nw 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 cach other), and the filfration structure contaming,
and placed between the 160 nm and 120 am nanofiber layers

1092} Figure 4 tustrates 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 containming
layers exhibited a capacity performance intormediate to the filier structure without any
noowoven layers and the structure with two nonwoven layers.  The dirt holding capacity

performance of the filter structure where the nylon nonwoven interlayer was placed only

13
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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 demonstrates the advantage of including a coarse porous nferfayer m
between two filtration layers that are designed for retention of mycoplasma and retrovirnses,
Nanofiber mats consisting of 70 nm nanofibers have pore sizes capable of retaming mycoplasima,
and nanofiber mats consisting of 40 wro fibers have pore sizos capable of retaining retrovinuses,
Nanotiber mats of 70 nin and 48 am were joined to the three nancfiber layer stracture deseribed
i example 3. In one variant, & nylon nonwoven wterfayer about 75 o thick and consisting of

oy 4

ihers having a fiber dlameter of about 15 wm to 28 um was placed between the 70 nm and 48

o

5
§

am vanofiber layers. {v a secound vartant the 70 nm and 40 wo fiber layers did not have an
interiayer between them,

0941 The throughput capacity of these two filtration structures were measured as deseribed
in Exarople 1. Figure § illustrates that the composite wedia filter structure contamning a
nonwoven interlayer placed between both the 70 nim and 40 nm nanofiber containing layer
exhibited a capacity performance superior to the filier structure without any nonwoven layers
between the 70 and 40 nm nanofiber layers.

[095] Methods of use

[0%906] In certain embodiments the invention may be used for filtering, separating, preparing,
identifying, detecting, and/or purifving hiquid biopharmaceutical preparation samples of interest
from liquid samples.

10971 In other embodiments, the present invention can be used with sample preparation
rocthods including, but not hmited to, chromatography, high pressure liquid chromatography
{(HPLCY, electrophoresis; gel filtration; sample centrifugation; on-line sample preparation;
diagnostic kits testing; diagnostic testing; transport of chemicals; transport of biomelecules; high
throughput screening: affinity binding assays; purification of a liguid 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 propertics based separation of the coraponents of the fluid sarople;
electrostatic properties based separation of the components of the fhud sawple; and,

combinations thercof.

i4
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1008] Conventional processes for protein production often involve cell culture methods in
which mammalian or bacterial cell lines are recombinantly engineered to produce the protein of
mterest. Filters can be used to reduce biorcactor contanunation by raicroorganisins such as
bacteria, fungi, mycoplasma, and viruses. 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 diminuta, Nanofiber membranes that inchude a mat of nanofibers of 70 nrm in
diameter are suitable of the removal of mycoplasma, principally of the genus Acholeplasma

{aidiawii.

(0991  The growth of cells in bioreactors is aided by the use of cell cultare media, which
countain pools of proteins, arino acids, and additives. These additives can clog the filter as they
become trapped in the filter medium, closing fluid pathways, and thereby limiting the life of the
filter. As desceribed in example 1, EMD soy s a cell culture wedia 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 & nonwoven interlayer is placed upstream of the bactenially 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, inchuding publications, patent applications, and patents, cited herein are
hereby ncorporated by reference to the same extent as 1 cach reference were mdividually and
specifically indicated to be mcorporated by reference and were set forth in 1 entivety herein,
101011 Preferred embodiments of this invention are described herein, include the best mode
known to the wventors for carrving out the nvention. Of course variations of the preferred
embodiments will become apparent to those of ordinary skill in the art upon reading the
foregomg description. The nventors expect skilled artisans to employ such varations as
appropriate, and the inventors intend for the invention to be practiced other than as specifically
described herein. Accordingly, this mvention imcludes all moditications and cquivalents of the
subiject matter recited in the claims appended hereto as permitted by applicable law. Moreover,
any combination of the above-described clements in all possible variations thereof is

encompassed by the iuvention unless otherwise iodicated bercin or otherwise clearly
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contradicted by context. The disclosure set forth above may encorpass multiple distinct
inventions with independent utility. Although cach of these inventions has been disclosed in its
preferred form{s), the specific embodiments thereof as disclosed and llustrated herern are not to

be considered in a limiting sense, because namerous variations are possible.

16
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WHAT I8 CLAIMED I5:

1.

o)

G

L

0.

=}

o]

18

A composite media comprising:

a porous mitcrlayer having opposing first and sccond sides,

a first fiber containing filter layer located on the fivst side of the interfayer; 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 filter 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 contaning filter
fayers.
The media sccording to claira 1, wherein the fibers i the first and second fiber
contatning filter layers are a polymer material selected from the group consisting of
thermeoplastic polymers and thermoset polymers.
The roedia according to claim 2, wherein the fibers are nanofibers.
The media according to claim 1, wherem the interlayer comprises a nonweven.
The media according to clare 4, wherein the noowoven coraprises a polymeric nanofiber,
The media according to claim 5, 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 diamcter from about 10 nro to about 1,000 na, and the nanofibers in
the second fiber containing filter layer have a fiber diameter from about 10 nm to about
1,000 nm.
The roedia according fo claim 1, wherein the first and second fiber containing filter layers
comprise electropsun nanofiber mats.
The media according to clamg &, wherern the nanofiber 15 a pelymer material selected
from the group consisting of thermoplastic polymers and thermoset polymers,
The ruedia according to claim &, wherein the nanofiber 18 g polymer material selected
from the group consisting of thermoplastic polymers, thermoset polymers nylon,
polvirmde, aliphatic polyamide, aromatic polyamide, polysultone, cellulose, celiulose
acctate, polyether sulfone, polyurcthane, poly{urea urethane), polybenzinmdazole,
polyetherimide, polyacrylonitrile, poly{cthylene terephthalate), polypropylene,

polyaniling, poly{ethylene oxide), poly{ethylene naphthalate), poly(butylene

[
-~
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terephthalate), styrene butadiene rubber, polystyrene, poly{vinyl chloride)}, poly(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 um to about 1,000 pm and the second fiber containing filter layer has a thickness
from about 1 um to about 1,000 um.

13, The media of claim 1, wherein the first and second fiber containing filter layers are
selected from the group cousisting of gridded filter, curricular shaped filter, disc shaped
filter, pleated filter, depth filter and combinations thereof,

14, The roedia of clam 1, wherein the mean pore size of the mterlayer 1s 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 1nterlayer.

[
in

A fhuid filtration device comprising:
holder having an inlet, a filtrate outlet, a retentate outlet, and the composite media
of claim 1,
wherein the composite media 18 located in the holder and separates the holder into
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, vmcrotiter plate, metal holder, filter cartridge,

and cartridge.

¥
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