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LARCE PORE SYNTHETIC POLYMER MEMBRANES BACKGROUND OF THE I NVENTI ON 1.

Field of W®EIV234ntion: 5 ' The invention rel ates EEHRPPOIB g of
mcrofiltration nmenbranes; it relates particularly to mcrofiltration
menbr anes conposed of synthetic polyners. 2.  Background of the Prior Art:
H ghly asymetric polyneric nmenbranes prepared from phase 10 separ at ed
(i nversion) casting m xes have been des;rl bed in patents by Wasidlo U S.
Pat ent Nos. 4, 629, 563and 4, 774,039, and Zepf. U. S. Patent Nos. 5,188, 734 and

5,171, 445, the di scl osurehq%%ﬁ§¢mﬂﬁ@p¢{ymgrm@m@hgﬁégy reference.
W asi dI o discloses highly rrc,.rntegra SKI nne ranes, having
high flow rates and excellent retention properties, 15 pr epar ed froma
net ast abl e two-phase |iquid. di%ﬁ@%ﬁfgpﬁgﬂﬁv@?'ﬁl vent/ nonsol vent
systens. Zepf discloses inprov 0- yner menbranes having a
- substantially grbat erFieldof&he lavertiany pores. of nore consistent size, and
greatly incgeased Tl ojq %gﬁ%oﬂélﬁeé%%ﬁdﬂélhw FRYGhAGS .ﬁaﬁ%.anas gt ven

pore di aneter. The inprove nbranes are | eved
nmodi fi cati ons t celates mamulﬂrlu $9r owggltra@enpmpmbmyesmweéae& ISWQ}"E%I

quenchi ng terrperz‘%*mgé and reduced environnental exposure between casting
and quenchi ng rther teaches that reduced casting
Background of the Prior Art:

Highly asymmetric polymenc membranes prepared from phase.

10 separated (inversion) castlng_ mixes have been described in patents by
Wrasidlo U.S. Patent Nos. 4,629,563 and 4,774,039, and Zepf, U.S. Patent

Nos. 5,188,734 and 5,171,445, the disclosures of which are hereby
incorporated by reference. Wrasidlo discloses highly asymm'etrié, integrally

skinned membranes, having high flow rates ahd excellent retention pfopérties,

15 prepared from _a metastable two-phase liquid dispersion of polymer in
solvent/nonsolvent systems. Zepf discloses improved Wrasidlo-type polymer

membranes having a substantially greater number of skin pores of more

consist.ent size, and greatly increased flow rates, with reduced flow

covariance for any given pore diameter. The improved Zepf membranes are

20 achieved by maodifications to the Wrasidlo process, comprising reduced

casting and quenching temperatures, and reduced environmental exposure

between casting and quenching. Zepf further teaches thaf reduced casting

and quenching temperatures mininhize the sensitivity of the membrane

formation process to small changes in fdrmulaﬁqn and process parameters.

25 A phase inversion polymeric membrane is convéntionally made by

- casting a solution or a mix comprising a shitably high molecular weight

| polymer(s), a sblvent(s), and a nonsolvent(s} into a thin filn‘i,- tube, or hollow

fi'ber, and precipitating the polymer 'by one or more of the following

mechanisms: (a) evaporation of the solvent and nonsolvent; (b) exposure to

30 a nonsolvent vapor, such as water"vapor, which absorbs on the exposed

surface; (c) quenching in a nonsolvent liquid, geherally water; or (d) thermally

- quenching a hot film so that the solubility of the polymer is suddenly greatly
reduced. - | |



~and quenching tenperatures mnimze the sensitivity of the membrane
formati on process to small changes in fornulation and process paraneters.

25 ase inversion polyneric nenbrane is conv B$sR0 made by
casting Xwg%ﬁﬁgﬁon or a mx conprising a suitably high ngﬁgcularfﬁkight ¥
pol ymer(s), a solvent(s), and a nonsolvent(s) into a thin film tube, or

hol I ow fiber, and precipitating the polymer by one or nore of the follow ng
mechani sms: (a) evaporation of the solvent and nonsol vent; (b) exposure to
30 a nonsol vent vapor, such as wateR vapor, which absorbs on the exposed
surface; (c) quenching in a nonsolvent liquid, generally water; or (d)

t hermal | y quenchi ng Ehemanspivent indhe igastinghmixsisingd necespaidy cpn@lqse'w“@é i s

2Er oo 85355 NS ey JReTR 30 Bty o g it g,
conpl et el y i neraweltingaiagentae Ipotheritrasidlectype - fogmulations, samdispusspdnlaterand i s
di sussed | at erisendtBott &8 GAFERd thd foredRuliarpt il ekBvadtigLneia oy, ¢
nonsol vent 5i s cinutbatit is3he pritary fagtor in determiningpvhetherormet the mixwill@xist ni ni ng
whet her or not ﬁ‘haepﬂ’gé s%laﬂa’te@‘éoﬂditidﬁ. a phase separated condition.
_ _ -In general, the nonsolvent is the primary pore 'forming agé_nt, and its
conc_entrat'ion in the mix greatly influénce_s the 'pdre size and pore size
distribution in the final membrane. The polymer concentration also influences
.10 . pore size, but not as significantly as does the nonsolvent. It dbes-, however, . ‘
affect the Str_angth ahd porosity (vbid volume). In 'additidn to the major
components in the casting solution {mix), there can be minor ingredients, for
example, surfactants or release agents. ' '
Polysulfone is especially a'inen_able td formation of highly asymmetric
15 membranes, particularly in the two-phase Wrasidlo formulations. These are
" not homogen_eous'solutions but consist of two separate phases one a
solvent-rich clear solution of lower molecular wéigh‘t poIYmer at low
* concentrations {(e.g., 7%) and the other a polymer-rich turbid {(colloidal)
solution of higher molecular weight polyr'né'r at high concentrations (e.g..

20 17%). The two phasés contain the same threé ingredients, that is, polymer,
solvent, and nonsbl(rént but in radically different cdnqentrations and molecular
weight distributions. Most importantly, the two phases are jnsoluble in one
another and, if allowed to stand, will sepérate. The mix must be maintained

as a dispersion, with constant agitation up until the time that it is cast as a
25 fim. ) - | |

It'is the"r'\o'nsclvent and its concentration in the casting mix that

- produces phase separation, and not every nonsolvent will do this. The ones

that do probably have a role similar to that ofa surfactant, perhaps creating

a critical micelle .concentratibn by a_Ii_gnirig some of the iargér polymer

30 molecules into a‘ggr'egates-,' or colloids, which are then dispersed in the

rem'ain.ing non-colloidal solution. The two 'p_hases'will separate from one

another if allowed to stand, but each individual phase by itself is quite stable.

If the temperature of the mix is changed, phase transfer oc@urs. Heating



‘

In general, the nonsolvent is the primary pore form ng agent, and its
concentration in the m x greatly influences the pore size and pore size -
df stri but (W@ 9sRs6she final menbrane. The pol ymer concentratP SRS
i nfl uences 10 pore size, but not as significantly as does the
~nonsolvent. It does, however, affect the strength and porosity (void
volume). In addition to the major conponents in the casting solution (mXx),
there can be mnor ingredients, for exaripl e, surfactants or rel ease.agents.
Pol ysul fone is especially amanabl e to formation of highly asymetric 15
menbranes, partigdiegdey m Bhﬁ)etdiﬁh'r%%@ QBbfg dbés tha'rgWdred.| BBAcentfativR ar €
not honngeneous sol utions ut consi st two Separate phases _one a
sol vent-rich cl eghanggs DPYQ)WWW%“M@E@P&# a\QsitigalcopgeRtrationFange, or

concent rat i ons (irdow, Z.C(advmasitﬁéeh&@paemlsﬁ% e bt el dlsdunbd Bydal)

sol ution of higher I ar \A/elgn gl concéntrations (e.g.,
20 179 . Theﬂmﬂphé&%ﬁﬁ Q$lhﬁe' ioneot; instabilityon @phase diagremiofi s,
pol ymer, sokvent thud hsﬁn\br/bawemwnaevem bt condthft’ fMpdrXRFE Nyingt | ONS
and nol ecul ar wel g strl ut1 ons mportantly, the two phases are

i nsoluble in onebetmen@pmﬁd andibingdaboirves. yhargindhe pplymes isnat sompletaly ni x

nust be mai nt ai NgEkdsie Hith sHRREI ON. Wi th constant agitation up until the
time that it is cast as a 25 film It is the nonsolvent and its
concentration in the Beeausagfthegreashydropbehieityofthe selvymepandibecanse afthenot

every nonsol ve nt %Bd%{ﬂl@élﬁ/ urdt&ble rl?o?idftmt ofj e cBSHY Wik AWhefeifh Ghére

simlar to that o a surfactant, perhaps creating
10 pre-exist two phases, one solvent-nch and the other polymer-rich (a condition

that other systems must pass through when undergoing phase mversnon) the
unstable Wrasidlo mixes precipitate very rapidly when quenched form a tight
skin at the interface, and consequentlv develop into h|ghly asymmetric
membranes. Agmr_m_m_g here‘means a progressive change in pore size

15 across the cross-section between skin (the fine pored side of the membrane
that constitutes the air-solution interface or the quench-solution interface
during casting) and substructure. This stands in contrast to reverse osmosis
and moet uitrafiltration membranes whichhave ebrupt discontinuities between

~ skin and substructure and are also referred to in the art as asymmetric.

20 Polymeric membranes can also be cast from homogeneous solutions
of polymer_. The composition of these ' formulations lie outside of the
spinoda'll_binodal region of the phase diagram of Wrasidlo. Membranes cast
from homogeneous solutions may also be a_symmetric, althoegh not usually

" to the same high degree of asymmetry as those east from phase separated

25 formulations. -
Increasing the surface pore size of membranes has been described.
See UK Patent No. 2,199,786 to Fyiji (herein '_Ez_u_ ). The prior art teaches
exposing the cast polYmer solution to humid air_‘in_ order to cause a phase
inversion at a point below the surface of the nlembrane. See Fuji. The

30 membranes produced in accordance with the Fuiji procese have a
characteristic st'rut_:ture of relatively wide pores on the surface (i.e., 0.05- 1.2
um), followed by progressively consfricting pore sizes to the phase inversion
‘point below the eur_face, followed by an opening of the pores until an isotropic



| THIS SHEET HAS BEEN - | _ L _
a cripgmalcED cel |l ¢ concentration by aligning sone of the 1arger polynmer 30
% Fe5— regates, or colloids, which are then dispersed in the

remai ni nq,*,@gﬁ-;g‘g,l | oi dal sol ution. The two phases will sepafaaBssdoisM one
anot her i owed to stand, but each individual phase by itself is quite

stable. If the tenperature of the mx is changed ~phase transfer occurs.
Heat i ng WO 95/ 23640

PCT/ 1 B95/ 00175 -3- .generates nore of the cI ear phase; cooling does the
reverse. Concentration changes have t-hé& same effect, but there is a
critical concentration, range, ,or W ndow, {‘hwhl ch the phase seﬁsrat ed

syst em can exi s¥tructureyisg ied Uygwag‘sd% anfast; srtpcecti-erel ¢Mgi on of
instability on Ac&h&iﬁ?lyﬁltﬁélrﬂﬂl Menfbranest 6t bR ﬂﬂﬁbﬁﬁdf as havmg reverse

‘pol yner/ sol vent / nonso nt gnstgnt tenperatur ng t ween spi nodal

P’ by nodal . cur HBENRGIRG HBI, e gkin syt b The; ANt BT ioversidrsanH SVRETY: 1\

tSﬁl V?Rt Bgc auserogfels‘srng mteeagf |sbudmepitmhtm§ yﬁ?f patte&t PProg¥hy te%ﬁﬁedoﬂ'mutsﬁ of
e thernodynam ca unst.abl e .co ion .o cas | erein there

10 pre- 8xi st MniHa %ﬁ%‘é’%@“’!rﬂm&&db@n‘ﬁeﬂl Bf‘?& tonero e?hepgw]ﬁé hFI ch (a

condi tion that miehfbraressSePagyst, LinasF-29\ BumlihrMQapmeeégmm thbm

ag\e/ﬁ Lﬁlegn) f Oﬁ E]egmlé{q] ; abelseareN g‘é‘ﬁér%'h\? plr'gpé?esd Rrrt?\cgoﬁnalgégnsvﬁawngr f:ieﬁ)atwe};r hrgﬁ

v:scosmes For example, the polymer concentrations are usually quite high

, and in many cases, the membranes are prepared using polymers as
10  non-solvents. See Example 2, page 12; Example 3. page 15.

Synthetlc polymer membranes are useful as highly retentive, hrghlv.
permeable filters in many testing apphcatrons in the food and beverage
industry, and in medical laboratories. Many of these operatrons would be

. ‘more cost effective and more commercrally attractive if the filtration range of
15 - the membranes could be extended over the existing \_M'_a_sﬂL and Zepf-type
membranes.

§QMMARY OF THE INVENTION
ln accordance with a first aspect of the present invention, there is
20 provid_ed a polymer membrane comprising a first surface, a second surface,
. and a porous supporting structure therebetween, wherein the first surface
'comprises a relatively open pore structure and the second surface comprises
a mere open pere structure and wherein the supporting structnre comprises
a high degree of asymmetry through at least 50% of the supporting structure
25 but no more than 80% of the supportmg structure
in accordance with a second aspect of the present invention, there is
provided a polymer membrane comprising a first porous surface, a second
~ porous surface, and a porous supporting structure having a thickness
therebetween, 'Wherei'n the sUpborting structure has a generally isotropic
30 structure from the first surface to a point at about one-quarter of the
thickness of the supporting structure and a generaily asymmetric structure
from the point to the second surface.
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- [Twa




- THIS SHEET HAS BEEN _ . : :
skin @t thezepila@ygpce, @nd consequently devel op into highly asymetric
nmenbr. ' ere neans a progressive change in pore size 15 _
atross t h&v@9H6d0secti on between skin (the fine pored si de‘P‘B‘VmPﬂ@l'ﬁ%nbrahe
that consti.tutes the air-solution interface or the guench-sol ution
I nterface during casting) and substructure. This stands in contrast to
reverse osnosis and nost ultrafiltration nmenbraneswhi ch have abrupt:
di scontinuities between skin and substrgcture and are also referred to in
the art as asymmetric. 20 Pol ymeri ¢ menbranes can al so be cast
from homogeneous sol uhidegsrdahcd With'® thirdl BSpee® BPd bigdBnOinveitess; there is

formulations |ie outside of the 'g@)i(nodal / b| nodal ,.rﬁgoi on of .the phase
di agram of W asi efeyded,apalymes membrans, camprising,2 ficss ROraus syrfanes a-$8F00so pe

asymretric, althgsitels Siittacesamd & Supportinifsthiitre Mading @atiicRAesd thafbetWwaery as
t hose cast from phase segarat ed formul ati ops. | ncreasi ngei,he syrface

] 29 . |
pore size of nmerteSHEROMAE sHUEkre defining,peioussiow gpamngly hetwaen the lisgandg ¢
FU{ i t (her tei sh" F_Uidd'db_)rd sﬁhﬁc@,& Whbreiti the ﬂaﬁmﬁramq@em Ebﬁstﬁﬁ?éllypﬁrtéf&itb |
solution to hunid air_in order to,cause, a phase.inversion at a point bel ow
the surface of tReandipmetsrfronad °I§'6?ti§"'f?ﬁ%g%a0°'“t %?BPEH@%‘QB?’G%LM ®in

accordance W th ¢igknbss bf theQuPHOrtiAg strudturd andieh aicrédsiry Mmban iareterdrom
relatively wi de pores on the surfac§ gi .e., 0.05 - 1.2 [err]m, followed by
progressi vel y cofeRInto e seeendJuiaces o t he phase inversion point bel ow

the surface, follovedinticcarianbeWithta furthéspROr 65thd Hiresent inveRtlon apbr is
10 provided a porous' polymer membrane suitable for isolating a liquid fraction

§

from a suspension, comprising an integral porous skin, lying at one face of the
‘membrane, wherein substantially all of the bores of the skin have diameters
greater than about 1.2 microns, and a support region of the membrane lying
below the skin and having an asymmetric structure.

15 in accordance with a fifth aspect of the present invention, there is
providéd an improved asymmetrib polymer membrane having a first porous
surface, a second. porous surface, and a porous supportinQ structure
therebe'tween and having a thickness, the improvement comprising a region
of generally isotropic structure from the first surface to a point at about

20 oné-quarter of the thickness of the suppdrting stri.uc_ture. '

In accordance with a sixth aspect of the present invention, there is
provided a method for preparing a polymer membrane having a relatively large
skin pore size, a substantially asymth_etfic structure, and an enhanced flow
rate, comprising preparing a metastable cast_ing disperéion comprising a

25 polymer-rich phase and a 'pOIyﬁ\er-poor phase at a selected casting
temperature, casting the dispersion into a thin layer. at the casting
tempera_ture,' contacting the cast layer with a pore forming atmosphere for é
period time sufficient to form surface pores gréatef than 1.2 microns,
quenching the cast layer with a non-solvent quenchliquid in which the solvent |

30 is miscible and in which the polymer is substantiaily insoluble to precipitate
the polymer as an integral membrane, and recovering the membrane from the
quench liquid. - | '

* This Sheet Has Been Replac
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4 s achieved progressing to the cast surface (i.e., 1 -10 10

O REFAACED ur e

= ' gly, the Fuji nmenbranes can be thought of as having
reverse py9§mBkdoy fromthe skin surface to the point of ipgraABSsoeysand
asymmetry progressing into an isotropic structure. The patent expressly
teaches that m niml asymretry should be used in order to prolong the life -
of the nmenbranes. See Page 4, lines 7-29. Further, it appears as though the
Fuji nmenbranes are generally 10 prepared with formul ati ons havi ng '
relatively high viscosities. For exanpbe; the pol ynmer concentrations are
usually quite high and in nmany cases, the nenbranes are prepared using

pol ymers as non- sol JBAgeordance with aseventh aspact of the prasang invention, share is;

Synt heti ¢ pol y rgbviaBd™® ridBiest foF Sreparitigd pipmbt ﬂbh\l&rarﬁttﬁi)ﬁb\é%lahyﬂgiahe
perneable filters in many testin aﬁpgsll cations in th ever age

i ndustry; and iS¥MBeeSiAe, Pavbptan ymygetric\aiustuse, andaw eapancad iftavs woul d

be nmore cost efrEﬁCtddﬁQ:ri%ﬁﬁ ﬁﬁ @ﬂr@mrﬁo neYudchétifg salBtiod cbhﬁnglh tg ation
range of the rre ranes Cﬁ t( e. ext over the existing Wasidlo and

Zeof - t ype FrenbrRghager. 8 an @\nensolvent for the golmeliat@ to.t he

i nvention, thergystifig RéMpérdade acnast.ng Qﬂé ai Faisi‘dnoﬂ%” 84RINABY BRI thERiakfiRg e
conpr|S|ng a first Surface a,se sSurrtace por ous Sug ortln
phe

structure t her SEEPREAIHrE, GONtAGKNG: ﬁé’aﬂ layer ‘%’lﬂ’ﬁa&?@ fﬂﬂﬂﬂq agmosphera fef 3 veI y

open pore struclerod tinel stfficieRt ¢ ek NirkReCpsrasigrdat@Sthan "L itkMs, A €
structure and mhereln t he sugeortlngbstructure conPrlses an ISOtrOpIC

regi on adj acentd4eAe hing the cashiayerith ?%'sﬂ\!gm(ﬂﬁ‘eﬁﬁ'% IqUid ipyphich the; sgivent

10 is miscible and in which the polymer is substantrally insoluble to preclpltate (
the polymer as an mtegral membrane, recoverrng the membrane from the
quench Irqmd wherein the membrane has substantlal asymmetry through at
least fifty percent of the membrane.

In accordance with an eighth aspect of the present invéntion, there is

15 provided an integrally skinned 'asyrnmetrio" polysulfone membrane, having a

" surface pore mean diameter of at least about 1.2 microns, prepared by the
foregoing methods.

In accordance with a ninth aspect of the present invention, there is

provided an improved process to prepare an integrally skinned highly

20 asymmetric polymer membrane, the improvement comprising contacting the
cast layer with a gaseous atmosphere with a pore formrng atmosphere for a
period tlme suffrclent to form surface pores greater than 1.2 microns.

In accordance with a tenth aspect of the present lnventron. there is
provided an improved diagnostic device compnsmg a filtering means that

25 delivers a frltrate that is substantially particle free containing an analyte to an

' analyte-detecting region of the device, the i improvement comprising a filtering
. means oomprising one of the foregoing polyrner membranes having surface
pores of a mean diameter of from greater than about 1 .2 microns and having

a flow rate of greater than about 4.5 cmlmlnlpsl

30 In accordance with an eleventh aspect of the present invention, there
is provided an improved diagnostic device comprising a lateral wicking means
that transfers a sample that. is substantially particle free containing an analyte

from a sample receiving region of the device to an analyte detecting region of

is Sheet Has Been Re laced
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25 's%&ﬁgsg%wza, t he porous support further conprising an

asym adi agent the isotropic region, the asymetri.c I on _
possessi WP ¥ h degree of asymmetry and extendi ng* throm?&r’lﬁ?yqoé st. 50% of -
the supporting structure but no nore than 80% of ‘the supporting structure.
30 Accordi ng to anot her aspect of the invention, -there is. provided
an integral m croporous polynmer nenbrane conprising a first porous surface,
a second porous surface, and a porous sgupporting structure having a

t hi ckness therebetween, wherein the supporting structure has a generally

i sotropi c struchydavieb, thelfmprdveiritht Eomphsihg Bliateril Wiskikg meaRETtbMpriding St
" surface to a point at about . one- quarter of the thickness of the sug orting

structure and Pngsof thectorqaeing Pol¥mRTMembrangs having gurface poras Af & MeAR [ easi ng

pore sizes froralérhetemfrﬁo:ﬁcabbhe1$2¢ﬂeﬁnst§nﬁa¢@mgﬂeq9feeh| Rearisferaraté!lof her
aspect of the invention, there is llor(;)w ded an integral. m croporous pol yner
menbr ane corrpn%’F?FQ’g‘q‘ﬁﬁb:,"Ptﬁcﬁ"ng WMe%ce, a second porous surface, 40

and a suppgrting striHGcoérdancd it atwelfitls k§ee of HRf ReSdntRRRNtibMSherelBor ting
structure defining porous flow chapnels between the first and second .

surface, wherei N°Y'Hﬁd £ flter YA%ASRINRISING, geneofthe Soregping) Rojymes faemptangs-a

diameter fromthe fipsSpretbrrédCémboiimens BF fHe %%Hho@thaUﬁdWﬁér s a 55

t he thick f th t d | 1
e, oo Bkl b N it bl of S ™

or the membranes produced or used in accordance with the invention are not

10 greater than about 25 psid and are_preferably from aboUt .5 psid to about 25
psid, even more preferably, the bubble point is from about 5 psid to abbut 15
psid. Also, preferably, the membranes of the invention or the membranes
produced or used in accordance with the inventioh have a mean aqueous flow
rate of from about 4.5to 25 cm/min psid.. |

15 -
BR EF DE 1 F THE DRAWINGS
Figure 1 is a series of scannlng electron mlcroscope images of an open
pored membrane prepared in accordance with the invention from a
polysulfone polymer dispersio_n (Wrasidlo-type) that has a bubble point of _8_
20 psid. Figure' 1a is a skin surface v.iew of the membrane. Figure 1bis a cast

surface view of the membrane. Figure icisa cross-sectlonal view of the
membrane -

anure 2is a series of scanning electron microsc_ope images of an open

_ pored membrane prepared in accordance with the invention from é

25 polysulfone po.lyme'r dispersion (Wrasidlo-type) that has a bubble point of 11

~ psid. Figure 2a is a skin surfacé view of the membran’e. Figure 2bis a cast

surface view of the membrane. Figure 2c is a__crc_:és-sectional view of the
membrane. . '

Figure 3 is a series of scanning electron inicroscope images of an open

30 pored membrane prepared in :accordance with the invention from a
polysulfone polymer dispersion (Wrasidio-type) that has a bubble point of 16

psid. Figure 3z is a skin surface view of the membrane. Figure 3b is a cast
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According to yet a further aspect of the invention, there is provided an
i ntegral m croporous polyner nenbrane suitable for isolating a |iquid

fraction f{vag?gsswspenm on, 10 conprising: an integral npefpIRHEY Skin,
l ying at one tace of the rrerrbrane wherein substantially all of the pores

of the skin have dianmeters greater than about 1.2 mcrons; and a support
regi on of the nenbrane |ying between the skin face of the nenbrane and an
opposite face of the nenbrane, the support region being separated into a
first and a 15 second zone, the first &one |lying.adjacent to the skin
having a generally isotropic structure of substantially constant pore size
and the second zerréaqeywwg ofthadeembrane (fagure 3¢ is Arosasertingalaewsafrithet ri c .
struct.ure, the agy fd.C structure having gradual ly increasing pore sizes
in a direction fromt e first zone to the opposite face of the nenbrane. 20
The pol ymer may be a [jouipstiis gnserieshel aeanpingneleation maiowsgons imagespef At of

from about 0.5 pmeﬂaﬂr&@m#%ea%a di‘daﬂ&%ewRHfihé fhveRtisH oAV a hemfopgﬁeamout o

psid to about 15 psid rane / have a nean aqueous ow rate of

from about 5.5 t polysultone farmulations; 59"’?}1’@ 'ﬁ@nﬁh’%ﬁ@fwmﬁ the asMIrangoi nt
not greater thangghaikp ?sSan%'sfi sur?@ceqcﬁw of b Fr@nﬂi?ﬂ{é‘ehgﬁﬁ)ﬂﬁtls o crbbs

i nvention, there I's .provid Iter unit, -conprising the polymer menmbrane -
of the inventi onseationpbyiew qﬁéh%m?mq’?\"‘hnot her aspect of the i nvention,

there is provided an FBEFeQK fla Eérfe%cb?%EQMﬁng electron microscope images of a fine
_ pored polvsulfone membrane prepared i in accordance with the method of Leg_
10 and having a bubble point value of 65 Frgure Ba is a skin surface view of the
' membrane Flgure Sb is a cast surface view of the membrane. Frgure Bcis
a cross-sectlonal vrew of the membrane |
' Figure 6 is a graph showrng the rate at which a liquid front travels
while migrating Iaterally m a series of membranes having various BTS (bubble
15 point) values. _ _
' Figure 7isa graph showing the vOlumeE of red cell-free plasma filtrate
that is delivered from polysulfone membranes of various bubble points in 10
seconds

20 - DETAILED DESCRIPTION OF THE INVENTION |
The invention prOVEdes improved asymmetric' polysulfone membranes
with Iarge pores having improyed flow rates and wicking performance while
retaining goOd Separation capabilities. Pore size, and indirectly flow rate, is
conveniently measur’ed by bubble point, which is the minimum pressure
25 " required to push a bubbie of alr through a wetted membrane. Zepf-type
o polymeric membranes typlcally have bubble points greater than 25 psid. The
membranes of the mventlon. by companson, have bubble points less than
about 25 psld inthe range 0.5t025 psrd and preferably 2 to 20 psid or more
preferably 5to 15 psid.
- 30 Moreover, the membranes of the mventron have relatlvely large skin'
. pores in comparlson to _a_sgﬂ_o and Zepf membranes. For example, the
average skin pore sizes of membranes of the invention generally exceed 1.2
p#m and more generally are 2-3 ym or even larger. In contrast, the Wrasidlo .



35 asymmetric pol ynmer nmenbrane having a first porous surface, a second
porous surface, and a porous supporting structure therebetween and having a
thi ckness W@éﬁlﬁ‘ﬁ%l ng: a region of generally isotropic strPCVIR&07THmM t he -
first surface to a point at about one- quarter of the thickness of the
supporting structure, the isotropic structure having substantially constant
pore size. 40 6 5 In a further aspect of the invention, there
i's provided a diagnostic device -conprisigg.a filtering means that delivers
a filtrate that is substantially particle free containing an analyte to an

anal yte-detecti Néind @_b_?'mé?ﬁbrhhés AV 6¢erade’ SR (idré Qized |&ds irﬂh' 12 ARan
conprising the poly menbrane.of any one of clainms 1-9, the nenbrane

having surface pY# Vd?sst‘i'?é"ﬂ-?‘ﬁﬂﬁm surface of a mean di aneter of at Ieast

about 10 1.2 ni cr onpurfhét ﬁﬁdﬁd&ﬁsﬁt(f 1hRWidsaical ﬁynaﬁaﬁ&%&u&{aﬁ@ oA}
cm(mn x psi); and a sarrpfe application area that directs sanp |rst to

" the opposite sur A8 Zepfnthe Membranesaf the; inventien aenera!lweﬂwmsvmmw i s

provided-a & agneﬁrbuﬁh A6 YAGT6 tifeBO %Sf tHe tnenrBAd| In'retdritd dMREtimbMS! in
transfers a sanple that, is substantially particle free 15. containing an

analyte froma s¥Mbremaiing; ak legst eQRf 6\"9 tembrape cthe; membrane exhibits a
anal yte- det ect i ngendr@NyiBoRbpithegievi ce, conprising: a lateral w cking means

corrpr 'sing the pol X”E[rhg‘?m”griﬁé'de mgInb?ann%s%? teheol]:'lvecnltl(:‘:lnrltnnaveL hgen found to provide
important advantages in filtration applleatlons. For example, the membranes
10 of the invention are useful in conventional filtration applications, such as
those used in beer and wine filtration and water treatment applicatiohs In
- addition, the membranes of the invention are useful in diagnostic or blologlcal
applications, such as in the manufacture of biosensors.

_ The membranes of the mventlon can be prepared from homogeneous
15 casting solutrons as well as from the phase separated mixes as delineated in
the Wrasidlo ‘563 and '039 and in the Zepf ‘734 and ‘445 patents.

Generally, in the manufacture of the membranes of the invention, the
cast frlm is exposed to air in order to create large surface pores on the
exposed side, followed by standard nonsolvent guenching (i.e., in water).

20 The diameter of the surfa'ce pores can be varied through the length of the
| exposure time as well as through the humidity of the air. In exposure to the

air, any water vapor in the air acte_ to precipitate the polymer at and in a

region below the exposed liquid film surface. Unexpectedly, what is observed

is that a region forms on and below the surface in which a generally isotropic

25 structure having relatively large pore sizes is formed. Below this area,
classical asymmetry is observed. In general, the greater the humidity the

larger the surface pores, and cenve__rs_ely the Iewer the humidity the tighter the
surface. |

30 Arghi;gg;g re of the Open ' Pore Mgmbrgngg of the invention
| The polymer membranes of the lnventlon retain a substantial degree
of asymmetry while having relatively large skin pores A convenient method
for assessing- the asymmetry _ and pore size is the scanning electron



t he menbrane having surface pores at the m ninum surface of a nean di aneter
of at least about 1.2 mcrons and having a |lateral transfer rate of greater
than abou, 5@5&9 mnute; 20 and a sanple applicationpafgssioh@t directs
sanpl e flrst he opposite surface. According to the invention, there is
provi ded a nmethod for preparing a polyner nmenbrane having a first and
second surface and having a relatively large pore size in the first 25
surface, a substantially asymretric structure, and an enhanced fl ow rate,
conprising: preparing an unstabl e castilag-di spersion conprising a

pol ymer-rich phase and a pol yner-poor .phase at a sel ected casting
tenperature; ¢ aBtl¢fng=QméSWbp‘meF%) f thraugh 3 shew rthﬁ eipas seqtionacskinuairfasy

tenmperat ure; g@@weﬂg}m@e §ARbmbAAKE prétiatdl scdordi {&{Hé‘uﬁ%nﬁbﬁ‘)m&e for a

period of -tine Iclent .to formsurtace. s greater than 1.2

m crons; quenchfeﬂjuneneOfcﬁwﬁeI@Pe‘FtSvﬁQ"hba QOFPRaE \t@rtboam@ﬁcm cpnvantignaln whi ch
the sol vent- ' u L5pé fifle pBréWbﬁ\BraH%‘ashBW gdréssubst antially insoluble
to preC|p|tate ﬁe as an .1 ntegral nenprane; .and 35

recovering5 he nmenbr &meddltmm the asyEnpatry |°ﬁt§h%l mempkraees andhthe epas B has
substantial asy gga&{] Wed. wmen.b?ének%a&te .mértﬂbnoaﬁm@mhe% tﬁmegmﬂaromﬁ I'n
(0] e I nvent

anot her aspect lon, there is provid a net hod preparing a
pol yrer menbr anésotr@picniggiont thGStextﬁﬁ'ds stQ!Or’FEIe <kire suréacentp Rpaintgwithinethgt i vel y

l'arge pore si Zesh&tﬁﬁ?urg' of ?he‘l%embﬁ'ﬂﬁé ao?ypu@all?“'iﬁ& 38btrélit Yegion rg?&érfdsc

structure, and an enhanced flow rate, .conprising: preparing a hombgeneous’
casting sol uti othrouaat Leang%mﬂtp@rmemtuawmmsq .or the polynmer, and a

non-sol verfy for the RolngGiseRde 6 SENI Hatd GsfRidtednBE5ro8dlY eStimated as (

described by Kesting, Synthetic Polymer Mejmbra'nes:' A Structural

Perspective, p. 275 (John Wiley & Sons, 2d edition (1985)), by applying a

small dot of ink or dye to the tight face of a membrane and alIeWing the dye

to penetrate the membrane as well as spread on its surface. The ratio of the

15 .are'as coated with dye gives a rough i'ndicatio'n of asymmetry, or the degree

|  thereof. Pore size can also be estimated by porometry analysis and by

separate measurement ef the bubble point, with a higher bubble point

indicatfng tighter pores. In a classical asymmetric membrane, it is the s_urfaee

pores that are the tightest. In the membranes of the present invention, the

20 tightest pores lie somewhere between the skin and the asymmetric region.

* Porometry consists of utilizing gradually increasing pressures on a wet
membrane and comparing gas flow rates with those of the dry membrane
which vyields data on pore sizes as well as the bubbie point. For these
analyses, a Coulter Porometer Model 0204 was used.

25 As mentloned the membranes of the present invention mclude aregion
that is generally lsotroplc and a reglon that is substantlally asymmetric.
Generally isotropic (or the isotropic region), as used herein, means a region
of generally constant pore size, as viewed by SEM from the skin down
through a portion of the supporting structure. The isotropic region may,

30  alternatively, be vie_wed as a-region 'having flo'w_'c'he;nnels of a substantially
constant mean diameter. In general, the a\;erege' skin pore size or diameter
of the skin poree of the membranes of the invention are greater than 1.2 um.
inthe i_sofroeic .region, this skin pore size geﬁere'lly defines the mean pore size



5 casting the dispersion into a thin | ayer at -the casting
tenperature; contacting the cast |layer with a pore form ng atnosphere for a
period of WORS23¢#0fi cient to formsurface pores greater thZETABYO/TSI ons;
and quenching the cast |ayer Wi th a non-solvent quench liquid in which t he-
solvent is mscible and in which the polyner is substantially insoluble to
precipitate the polyner as an 10 integral nenbrane; recovering the
menbrane fromthe quench i quid, vvhere|1|1 t he menbrane has a regi on of
substantial asymetry through at | east ty percent of the nmenbrane, and

wherei n the nmenbigiaggidit 1l otl?é’ﬁc gﬁdﬂg%ﬁgﬂlﬁpﬁ%’l?gfb%fré’d)mgmb?a(?\'e%bﬁsﬁl endi ng

fromthe first surface to t e regl f substan asynmetr Sreis
al so provi ded, asuggest ﬂytﬂ@nqrnhranﬂb@nm ameaarskinmose)siaé ofazynmhaSralmlerage

pol ysul f one rrerrbr sR8V6f9 Amf br :ﬁ&d@sgmt%f ﬁSGap.ga%pfaﬂ 2 dinfist

surface pore rrean | aret er reate m crons an
substantially asﬁfﬁéﬂumcargtqeeoﬂmmmbrammvm 36&5t4m5wrpeambetc skint he :

membrane, prsepar gdrdbizesi HBWev |tmﬁbg‘ﬁfxmgi§téy‘ntﬂ£€tﬂgfﬁétﬂgggggigé% @Q g fr om

The menbrane may possess stant| I sotropic str
the first surfacé@ rtlsiﬂautm wtp%smthar msualhr appeauisbtiopicaitis expected tinat

surface and thr oQd) addual péretsizedSRithe F?@Jtﬁﬁm réiort bgn,n@gr‘@g ﬁ'ﬂa case with any
membrane).
Typically, the isotropic region extends from the skin of the membranes
10 into the supporting substructu_re through_ greater than about 15% of the
' thickness of the membrane. More preferably, the isotropic region e;(tends
through greater than 20%, _25%, or even 30% or more of the thickness of the
membrane. In highly preferred embodimepts, the isotropio region extends
greater than about 25% the thiékness of the 'm_embrane. For example, in a
15 125 zm membrane the isot_roprc region extends greater than about 25 ym
from the skin into _the supporting substructure. _ '
Substantially asymmetric or anieotropic (herein, the asymmetric
region'), as used herein, means a degree of asymmetry similar to that
disclosed in, and possessed by, membranes prepared in accordance with
20 Wrasidlo and Zepf. In that regard, the membranes of the present invention |
have average skin pore s‘izes:_,of greater than about 1.2 uym, while on the
reversé side, the side adjacent to the support paper or belt during casting,
SEM'’s show that the average pore sizes are at least greater than twice the
_ average skin pore size. Thus, the ratio of skin pore size to cast surface pore
25 size is greater than about 2: 1, and in hlghly preferred embodlments is 3:1,
4:1, 5:1, or even 6:1 or greater. Moreover, the asymmetry is a continuous
gradient only within the asymmetric reglon
It should be noted that the ratio of asymmetry mentioned above is only
with respect to the asymmetry measured at the surfaces. In fact the
30 ' asymmetry of the membranes of the invention is much greater when the mean
~ pore size in the asymmetnc region, above the cast surface, are viewed on
cross-section in scanning electron mrcroscopy See for example, Figures 1c,
2¢, and 3c. When this is done, the asymmetry of the membranes of the



25 ' The menbr.ane recovered in the recovering step nmay possess a
substantially i sotropic structure extending fromthe first surface to a

poi nt bet Hk? first surface and the second surface andpdfigs at | east’
twenty perc§%§ 0the menbrane. According to a further asg%ct o?ﬂh%

i nvention, there is provided a process to prepare 30 an integral highly
asynnetric pol ymer menbrane having a first and second surface, conprising:
contacting the cast |ayer with a gaseous atnosphere with a pore form ng
atmosphere for a period.of tinme sufficignt-to formsurface pores greater
than 1.2 mcrons in the first surface, a substantially asymetric structure
ext endi ng t hr ougimventidreapyeals ﬂotl;e gmataemhamébadndOSB or 20¥intnr perhapsaasihigh
substantial ly |so 'Crsev Qp {3 extending fromthe first surface to the
substantial |y as? % B fCtire. The cast | ayer may be contacted with
the pore formng at rmltphltalsofhnrnomcp@bvdnbkufg through<thé Skinipends that ther pore

poi nt bet vech ¢ haehd fafie Bk todiaféleriithiiPite? Sanifo polskin B 4 T8 Fenor
twenty percent ofactfie combinating with thé obBétved 8syrbmBery Besdad-GiCairRadeciriace THE
DRAWNGS Fi gure 1oligeié vaidhé BRos@lseSticHal bAglysi fricidatlh {Hat “9GNARG" bERFEBnOT 2N

open pored .
both surfaces. Without wishing to be bound by any particular theory or mode
of operation, there are three hladsible explanations for the:sk'inning seeninthe
‘membranes of the invention. _FirSt, when the cast filfn is exposed to air, the
10 Wate_r vapor begins to gel the film and form the incipient rﬁem_brahe in the top
' | region. Howevér, not all of the polymer may be gelled in this brief time.
Therefore, when the film hits the quench liquid, the remaining unprecipitated
: pblymer then forms a skin. '_'Se'co'n'd, or alternatively, a perhaps better
explanation is simply that sdrfa_ée contraction shrinks the pores due to the
15 inherent difference in surface energies (somewhat analogous to a water
droplef or a soap bubble that minimizes its surface-to-volume ratio). Or, third,
there may be a sllght ‘migration of polymer to the surface due to the steep
grad|ent in chemical potential. '
Additionally, due to the fact that the bubble point of the membranes
20 of the im)ention are generally higher than what would be predicted for the
_pore sizes seen in the isdi:ropib region or in the skin, it is apparent _thét there
~ must bé some constriction in pore size between the isotropic region and the
~ asymmetric iegion. surprisingly, 'c.onventional' reaSoning_Wouid suggest that
the pores below the skin should be smaller than the skin pores. In fact, they
25 should grow progressively smaller with depth, i.e., "reverse asymmetry”.
Diffusion is a slow procéss._ Thus, the pores created or formed below the skin
should see less water vapor and, therefore, be smaller.
" The Fuli membranes appear to confirm this conventional
reasoning and _have "reverse asymmetry" from the skin to an inversion point
30 a short depth into the ine’mbrarie. in contrast, the pore.é below the skin in the
| membranes 6f the invention appear to be qf the same size or larger than the
pores in the ékin' and remain with such isotropic or homogeneous pore
distribution throughout the region. ' ' '



menbrane prepared in accordance with the invention froma pol ysul fone

pol ynmer di spersion 10 (Wasidlo-type) that has a bubble point of 8 psid.
Figure 1a W23 n surface view of the menbrane. Figure 1 MBIFOUTY ¢
surface view of the nmenbrane. Figure 1c is a cross-sectional view.of the
nmenbrane. Figure 2 is a series of scanning electron m croscope inmages of an
open pored 15 menbr ane prepared in accordance with the invention froma
pol ysul f one pol yner di spersion (W asi dlf-type) t hat has a bubbl e point of
11 psid. Figure 2a is a skin surface view of the menbr ane. Fi gure 2b is a

cast surface view of fﬂb@e@'ﬁa REars EheLthE isBrobiE rigibH BPthe HsihbraRad ofthe Of

t he nenbr ane. series of scanning el ectron
m croscope i nage@vmtmns GM%)QY@EI'%MB@%H@“QMW e dduy-praeessr dptaeastignt h t he

invention from abawesa%éqn&ep%gaiefn El’lesai?raﬂdothe( Wigrib iftn { m tddeshas a
bubbl e point of 16 psid. ure 3a Is a_skin surface view of the nenbrane.
Figure 3b is a chemogeneous msggpglggggnataon This is analogous to cellulose mixed

PCT/ 1 B95/ 00§75 - teétarfc%moyé Ritrafd mehibrash HyWeveF iQafaRFas tholigh there
crosssectional View of the nenmbrane. Figure 4 is a series of scannin

el ectron mi cr oscispealigiblgeyapgration of solvent or non-solvent, so that, when quenched,
the quench liquid rushes in and fixes the isotropic region and creates and fixes
the asymmetric region. _ _
With respect to the possible constrietion of the pore size distribution
10 | between the isotropic region and the asymmetric region, discussed above,
which would assist in ekplaihing the tighter pores observed in poremetry
ahalyses (i.e., 1.0 yum maximum and 0.8 um mean pore sizel, there may be
a process of mternal "skinning” akin to the skin formation in W gsldl and
_ _ZJD_ membranes. Support for thls possibility is given by Mlchaels in U.S.
15 Patent No. 3,615,024, Col. 5.__I|nes 43-54, where it is disclosed that a
gradient pore structure _oecurs when ,w_at_er permeation into a cast film is
restricted by a tightened skin, which is formetl__by the water in the first
instance. Or, alternatively, as discussed above, it is possible that while the
" membranes in the isotropic region appear to be isotropic on visual inspaction,
20. actually have a pere dlstributi_on'tha_t accounts for the porometry data and
higher bubble point than one might anticipate in view of the large pore sizes.
Accordingly, the structure of the membranes of the present invention
is distinct from classic asymmetry in that the membranes of the invention are
' subst_antially nonasymmetric (i.e., are isetropic) trem the skin to a point below
25 the surface, defined herein .as the isotropic region, discussed above.
Accordingly, the'esymmetric‘regien of the ‘membrane oecurs in less than
about 75% of the thic_kness.o_f the membrane. Whereas, in conventional or
classic asymmetry, for example, in Wrasidlo and Zepf rhembranes, the
asymmetric region occurs throughout the entire, or substantially the entire,
30 membrane thickness In the Euji membranes. in contrast, the region below
the skin has nnverse or reverse asymmetry, and below that has slight
conventlonal asymmetry itis expected that the probable higher vnscosmes

of the Fuji castlng formulations contnbutes to this structure.



menbrane prepared in accordance with the invention froma honogeneous 5

pol ysul fone formulation. Figure 4a is a skin surface view of the menbrane.
Figure 4b .5 t surface view of the nmenbrane. Figure Ss-
secti onal d\‘;lagw of the menmbrane. Figure 5 is a series of ség%#llﬁ’%@?ée)ctron
m croscope images of a fine pored polysul fone nenbrane prepared in '
accordance with the nethod of Zepf 10 and havi ng a bubbl e poi nt val ue of
65. Figure 5a is a skin surface view of the nenbrane. Figure 5b is a cast
surface view of the menbrane. Figure 5ciigs-a cross-sectional view of the
nmenbrane. . Figure 6 is a graph showing the rate at which a liquid front
“travel s V\/m | e migrat i Thetefores colioguiakly speakmgemeahembrdmaoemdtavem@n\oam ous

BTS (bubbl e 15 p I h sh t he .vaol une of.
red cell-free pl agngh\%?‘t r athgsf'ﬂ %:flg}s'fﬁeg %fd\f%'r”gd ?% f&ﬂgq%e 'l?é‘ L\r anes
of various bubbl eopfiguration thraughoutthedbickadss of the membranes FoDESFdH\bIEDhe

DESCRI PTI ON OF T:ﬁﬁres %%m%’wximth% ol Rl\sr(rges | ove é?n’met ric-

pol ysulf one nenbranes por aV|n
wi cking per fSor mamoexpdsed during casunogs \gm)l:arge p'ﬂmsis tha aswpabtrlio regme whizhe

d di be t,
5175, 71 19 Skl Lol 58 GABKPRMARH TR NEHEH R ™
through a wetted tlnrenoln theemembpdne;, yhnapqlrelsyaearor (flon\eolharmelssgragluallvalohstriea,ve

bubbl e points gr %ﬁ{.FfmelV'th%qR ﬁ'eqtterytﬁe generally |sotrop|c region which contains
' ' pore sizes or flow channels of substantlally constant diameter, then flows out
10 through the skm. the |sotrop|c regron correspondmg to the spout of the
funnel.
The structure of a typlcal open pored membrane of the invention
prepared from a W aslglo-type dlspersnon is shown in Flgures 1 through 3.
‘The membrane has skln surface pores of, on average, 3 ym (Figure 1a), cast
15 surface pore sizes of, on average, 20 uym (F'gure 1b), and, in cross-section,
demonstrate an |sotrop|c region including pores sizes around 3 pm extendlng
from the skin through approxrmately 25% of the thrckness of the membrane,
followed by an asymmetrlc region that opens from pore sizes of approxrmately
- 3 pm to about 20 am from the end of the |sotrop|c reglon to the cast surface
20 (Figure 1c) As will be appreciated, the degree of asymmetry based on these
observations is approxlmately 6:1. The partrcular membrane of the Figure has
a bubble pomt of 8 psld The membranes shown in F'gures 2 and 3 have very
similar structures but possess bubble pomts of 11 and 16 psid, respectively.
Membranes of the invention can also be prepared from homogeneous
25 solutions. Such membranes can be prepared with bubble polnts in the same
general range as those made from MV_ra_sml_o mixes, but they tend to require
. Ionger penods of exposure to the air and do not possess qulte the degree of
asymmetry as those made from W _J_lg_lg-type formulations. Frgure 4 shows
the structure as seen in scanmng electron mrcroscopy of a membrane |
30 produced from a homogeneous polysulfone solutron, including skin surface
' (Figure 4a), casting surface (Fgure 4b), and a cross-section of the membrane
(Figure 4cl _Thrs parttcular membrane has a bubble point of 12 psid.



menbranes of the invention, by conparison, have bubble points |ess than
about 25 psid; in the range 0.5 to 25 psid and preferably 2 to 20 psid or
nore pref eMm9s23640t 0 15 psid. 30 Mor eover, the nemSTABEH008TS t he

i nvention have relatively large skin pores in conparlson to Wasidl o and
Zepf menbranes. For exanple, the average skin pore si'zes of nenbranes of
the invention generally exceed 1.2 [err]mand nore generally are 2-3 [err]m
or even larger. In contrast, the Wasidl WD 95/ 23640

PCT/ 1 B95/ 00175 -9- and Zepf nenbranes "have "average skin pore sizes |ess

o 2ol e T Sy i By 8 o Bk} e MR 1 °
t he i nvention gerfenmlllatyonsntﬂemiateasanumotwrﬁthe expbsetlsyiface ofitheecastitim ’810% of
o T
i mproved nmenbr anehe sbrfaces whilecthe isubsegwent ater dusocil traosforroy thierestrpbtheant
e a0es, A L P AR Sy B B od B8 AR Bl
} "to the humid air for periods of a second or more in these syntheses, it is
prudent, though not necessary, to select a w_as_sﬂn mix that is reasonably
- stable with respect to phase saparation, for 'eiample, formulations that under
the conventional casting procedure produce asymmetric membranes of 0.45
10 am or 0.2um pore size or smalier.

Exemplary membranes are formed using a polysulfone polytner in
selected solvent/non-solvent systems; however, the polymers from which
membranes of the invention can be cast are innumerable and, therefore, the

 suggested formulations are proviled as exemplary only.
15 | |
Formulations o _

The casting formulations for these membranes are made up of a
polymer, a solvent, and a non-solvent. The polymers which can be used
include any poh}mer capable of forming a m_embrana. Polymers which have

20 - been found to be particularly useful in the methods of the invention inolode
polysulfones, polyamides, polyvinylidene halides, including polyvinylidene
fluoride, polycarbonates, polyacrylonltrlles, mcludmg polyalkylacrylonltnles,
'and polystyrene. Mlxtures of polymers can be used. Preferred polymers

_ include Lexan polycarbonate, AMOCO P-3500 pol_yarylsulfone, Nylon 6/T

25 pol_yhexamethylene tereptnalam'ide, and holyvinylidine fluoride. A particularly
preferred polymer is AMOCO P-_3500 polyarylsulfone. |

Preferred solvents wnich can be used '_ in the formulations of the
invention include dipolar aprotic solvents such as dimethylforma'mide,
dimethylacetamide, dioxane, N-methyl pyrrolidone, dimethyisulfoxide,

30 chloroform, tetramethylurea, or tetrachloroethane. Other polymerleolvent

' pairs are disclosed, for example, in U.S. Patent No. 3,615,024 to Michaels. -
Suitable honsolvents include alcohols, for example, methanol, ethanol,

isopropanol, amyl alcohols, hexanols, h_eptanols; and octanols; alkanes such



those used in beer and wne filtration and water treatnent appli cati ons.
addi tion, the nenbranes of the invention are useful in diagnosti c or

bi ol ogi cal. . l,cations, such-as in the manufacture of b| The '
menbr aneg%%% i nvention can be prepared from hormgeneousﬁgg castl ng

sol uti ons as wel |
Wasidl o '563 and
the manufacture of

to air in order to create |arge surfacg pores on the exposed side,

as fromthe phase separated m xes as. delineated in the
"039 and in the Zepf '734 and ' 445 patents. Cenerally,

In

in

the nmenbranes of the invention, the cast filmis exposed

by standard nonsol vent quenching (i.e., in water). 20 The di aneter of
the surface porgsshexaneysropatio, aitrdpnopamnghégtend, dindtdetsrie; aha ketfdmsemersl me as

wel | as through the

f ol | owed

osure to.the air any wat er

vapor in the a|q"da?,sf%'sFU%F%@FWF%%‘W’%"?IOPMFc%f?teaﬁBd BMYAace8ta " hel ow

the exposed |iquid fRormutationsfoeWrakidhorges weéfnpraned aie prépaﬁbﬁﬁéatfrdmgshé hat a

f d, bel he f whi ch t 25
G Tuctur o havi TpeneAs vy bl 2 Nifen & Sateby indofeniiad myAeiaiR0em.o %, oo

cl assi cal msynmgenesal, polyrhercis disdolved ugeasleml at thbeagrr@abmperdtmdnaﬁu dhé y the

| arger the surface.

o 3 nd convers r .the hu It e tighter
the surface, 3¢@mount of nangp (‘,‘?Ptt I8 G ﬁ%‘%/t? ﬁgh' qDS?sé’eBb ﬁ'ﬁ%g% €+the
| nvention The mrmmﬁomﬂrm&embpﬁmwmms ﬁﬂghﬁﬁma subst anti al

degree of asymetry i1 e havi n .relati ar ge
method for assessind {Ne3%NYY ?nﬁ? ?\'H‘%%f%’s

fanfes b BDERsoh, N8

outside the spmodallbrnodal region of the phase diagram.  Useful
10 homogeneous formulations are any mixture that conta_lns at least sufficient

concentration of polymer to give the membrane sufficient integrity and

mechanical strength and not in excess of'th'e"'é'oncentration at which the

mixture becomes too viscous to cast. Usualiy homogeneous casting
formulations comprrse from about 7 to 28% polymer or mixtures of polymers
15 and from O to 30% nonsolvent (w/v), the balance being solvent. The soivent

and nonsolvent can also be mixtures.

Inthe liquid quench systems, the liquid should be chemically inert with

respect to the polymer and preferably mrscrble with the solvent in the castrng )
solutron The preferred quench liquid is water. '

20

The membrane as cast is hydrophobic. However, as will be

appreclated a surfactant or wettmg agent may be added to either the
formulatron, the quench liquid, or the rinse hqurd to incréase the hydrophrlrcrty
of the membrane Preferred agents are polyhydroxycellulose, sodium
dodecylsuifate, ethoxylated “alcohols, glyceryl ethers, and non-ionic
25 fluorocarbon surfactants, for example, those of the Zony™ type (DuPont).

The concentration of surfactant in solution is not critical, and may range from

a fraction of a percent (w/v) to over 10 nercent. _

'Membrane Casting Process

30

The membranes of the invention can be cast using any conventional

procedure wherein the casting dispersion or so_lr.r_tion is spread in a layer onto

a nonporous support from which the membrane can be later separated after

guenching. The membranes can be cast -'eith'erzrn'anuallyl (i.e., poured, cast,

or es ?onvenlent
¥PRctron

(

a
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10 - microscope (SEM. Figures 1 through 3 show the cross sections, skin
surface andwoOes®dsdsur f ace of nmenbrane prepared according toPm%/WEﬁtlon
and the features of those aspects can be conpared to those of a .-
conventional Wasidlo-type fine pore nenbrane shown in Figure 5. 5 -
In addition to the asymetry of the nenbranes and the open.pore structures,
t he menbranes of the invention are unique_in the presence of an isotropic
region that extends fromthe skin surfack’to a point within the

Fubstructure o SEsBRR PRl B s bl i AEhIRBA SalBUoBlef HEIR. .
of SEM dat a, asynsmrtac'p) orautbmatjcallydi.g. pm.lredmt ethengisd eastr oritea fyvikg bedhg,
et oL e A SAaReR SO o BEER S nind PR 1LY
tight face of a nmfomnecastd\gahieobamgpl spreadere cao bp esed.r Meehariical sprebdarse as
s ShuoR”, oo el 3ot o e PR RS, 10
al so be estimat edAbyrepmeﬁnepneydlagadques isamnl e)gtnsamadat or st scoatere nwhioh t he
bubbl e poi nt, w tgomapr?siegmeéha%l? liﬁo%ﬂigﬁ the casting-formulation can be introduced
and forced out under pressure threugh a narrow slot. In Examples 1 to 3,
membranes were cast by means of a doctor blade with a knife gap of typically '
10 about 250 to 450 microns, often about 300 microns. After the quenchmg
' step, the microporous membrane product is typically about 105 to 145
microns thick. _
Following casting, the dispersion is quenched. In a preferred
embodlment, quenchmg is accomplished by movmg the cast membrane on a
15 moving bed into the quenching liquid, i.e., as a bath. The quenching liquid is
most commonly of water, the temperature of which is frequently at or near
the casting temperature. In the bath, the quench operation precipitates the
polvmer and can produce a "skin" having the requisite pore sizes and a
support reglon having the characteristic structure. The resulting membrane
. 20 is ordinarily washed free of entrained solvent and may be dried to expel
additional increments of solvent, diluent, and quench liquid, and thus recover
‘the membrane.
Generally, in preparing the membranes of the invention, the cast film
should be exposed to air for a time sufficiently long enough to induce the
25  formation of large surface pores, as discussed previously. The shorter the
| exposure, the higher the humidity must be, and vice versa. The total humidity _
is the important factor. At higher ambient air temperatures, the relative
humidity can be lower for the same effect. The temperatures of the casting
mix and the quench bath are aiso impor_tant parameters. In general, the
30 warmer the mix, the tighter the membrahe, While_ the warmer the quench, the
more open will be the membrane. |
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FHESH ETHA% Ete pores. In a classical asymetric nmenbrane, it is the
are the fis@hteeHis.BetmrReplaeed nebr anes of the present

i nvent i oumgyjm«fzo tight esl‘m i“m wher e- bet weepctiBessdarsn and t he -

asymetric region. Porometry ‘\mm ilizing gradually increasing -
pressures on a wet nenbrane conparing.gas flowrates with t hose of the
dry nmenbrane which yields data-on pore sizes as well as the bubble point.

For these anal yses, a Coulter Poroneter Mdel 0204 was used. 25 As
-mentioned, the nenbranes of the preseh8 rnvention: |ncI ude a region that is
general ly isotropic and arelont at 13, : asymetric.

General |y isot »Hg¥ &nep.rorg Meana,irom g geretein, neans a
{ﬁgl onhof genteral I yfAﬁmaﬁéla&hnm{nesmaa?,toa?ducemmm&ﬁ%ﬁﬁmmeakl n dog/g
rough a portion o or struc re may,
alter %at i vgl Y, p?f@s\‘}h?!\ﬁg QP@FPW?&W‘P’H "af‘%%%ﬂ%’rﬁ%é gregig_p_ d '
substantial ly gatent élﬂt maemuﬁl ﬂraerpnase linveg€ioe rfotmulatién. ameam 34 thepor e
size or dianeter of res invention are
greater tfan 1membr %‘?ﬂ%’f‘a’f'ﬁ’f‘ ﬁ}‘?@"? %tfPBE '%%&QFHF pafeptsy that; , ¢
general | y defi ggmcrddBingahe op@éﬂdéﬂs‘l@ of the/‘&siﬁbzaﬁrﬁﬂatlon by decreasmg the

PCT/ | B95/ 00175 - 11 - throughout otro|[i) { g For .exa F
pref erred maan%@M@?’ cefjepntration and i mcreasmg the nonsolve tconcentratron, and also

increasing the quench temperatures.  The cast film was also exposed to

in

humid air brleﬂy before quenchmg o
10 It was expected that a casting formulation'-having an optical density in (
| the range of 1.800 as compared to 0.600 would probably form a membrane
more open than available asymmetrie membranes. Indeed, the membrane
produced was quite open. Permeability testing showed that the membrane
~ had a bubble point e__f 4 psid, watef flow rate of 17.7 cm/minpsid, and a mean
15 flow pore size of 2.0 ym. :
A more highly preferred membrane was formed by using a dispersed
- phase _Vyg_ggl_g type phase'inversior'l'formulation of the s_tandard 0.2 micron
p’onsquone-'m'embr_dne (BTS 45) type and casting at lower temperature as
taught by Zepf, Example 2. - The low casting index of 0.176 indicates a
20 relatively stable casting dispersion. The cast film.wes exposed briefly to
' humid air before quenching. The cast membrane was comparable in quality
to the standard product having a highly asymmetric substructure, but also
having a bubble pomt of 8 psld and a water flow rate of 19.8 cm/min-psid.
Porometry analysrs indicated a mean flow pore size of 0.9 #m rather than the
25 0.2 ym pore diameter type and 45 psid bubble point that would have been
obtained from the standard BTS-45 formulation if cast |n the usual manner.
Scanning electron microscope photographs (Figure 1) showed a highly
asymmetric structure, free of any large macrovoids.

30 Large Open Pore Membrane from a Homo - Formulati
Example 8 demonstrates the preparation of membranes wrth open |
surface pores "and a high- flow rate by exposing a film cast from a
homogeneeus solution to humid air prior to quenching it in water. When cast



s:uggﬁEtTH{SnSHi%T'é%%ﬁEENe havinng a nean skin pore size of 2[err]mhas a
aver err]mor grmtsggethgrggH%ﬁ dt he isotropic region.

Simlar st WRMEW are seen in. membr err]m % 3 o755
[err]m and etc. skin 5 pore sueFMlm Mm

wi || be appreciated.that
the isotropic region conprises a dis ore sizes that visually
appear isotropic. It is expected that the actual pore sizes in the

i sotropic-region vary (as is the case wjth any nmenbrane). Typically, the

i sotropi c region extends fromthe skin the menbranes 10 into the

SUPPOT {19 SUbSL N Wil sl il o) e ABAheredls SbIGHES, et of

t he nenbrane More pre ISOtrOpIC re n exten rou reater
than 20% 25% o9%vpolysiionerin E2% seiventoatd ee@nsofvenh@enenmeag hw n
hi ghly preferredgg essﬁ?@kﬁﬁrén%? r%é%{ G| téreﬂrtﬂ'ﬁrrﬁmaﬁaﬂf’s %Qf’e}ﬂranti@“

about 25%.t he th| c rane.
[err] m menbrane tosis. i Yoderahp humig |arsr9xmwnc¢§sgnwt iarthe rexAMplee memigranes r | m

from the Sk'Qh;p;@nm%%&gs%ueﬂaium 412 pef BRG BTdB folw RRYBFBLA O

ani sotropic metric regl used herein, neans a degree-
of asymmetry si mdﬂdm"tl-ostﬂmfem%lp%ed i n, and possessed by, nenbranes .

prepared in accordanceginple 30descnﬂ¥l iﬁéﬂlp?e&r&.&ﬁef ‘mérblaRéd ffﬂ%ﬂoué he

menbr anes of the present I nventi on ave average ski n pore Si zes greater
than about 1.2 [domaaenegus formuylatigas aadeyanying; tmes (qf cexpogereaty humid airo t he

support paper Or jRgddendéit '39 f%ﬁﬁ&lhﬁ&w ﬂéMa%e& héife ! B lenbifbhridrRAIC §Rp RIS

Sizes are at | east greater twce
10 produced membranes having larger surface pores, up to 8 microns, on the

tight side, and water flow rates up to greater than 19 cmlmm-psrd, with
corresponding bubble points of 3 to 4 psid. These membranes were
reasonably asymmetric, having pores on the open side of over 100 microns.
See Annex |. : - _ |
15 | The initial experiments used 2-methoxyethanol as a nonsolvent;
however, ponethyle__ne glycol (PEG 400) and polyvinylpyrrolidone (PVP
10,000) also were successfully substituted in concentrations up to 25% of
the total nonsolvent concentration. It is mterestmg to note that PVP-10, 000
also acted as a good co-solvent in this situation.
20 inthe exper_rments. air temperature and humidity were measured about
~ twelve inches (30.48 cm.) above the casting 'plate. Air flow velocities, where
_recorded, were méa‘sured vrrith a Pitot tube about one inch (2.54 cm.) above
the casting plate, prior to casting. _
A good example of the effects of humidity can be seen bv comparing
25 experiments 1 and 2 in Annex l. In the frrst expenment, stagnant air was
present and in the second experiment, under otherwise comparable
_conditions, the air was moving. The bubble point in the membrane was
halved, and the water flow rate mcreased by a factor of 1.7. As will be
appreclated Iow humidity exposures result in membranes with consequent
. 30 low permeabrlltles and high bubble pornts, whrle higher humidity (i.e., 60%)
and blowing air, tha rnembranes had significantly reduced bubble_ points (i.e.,
4-psid) and correspondingly high water _ﬂorrv rates (of up to 20.6 cm/min
psid).



average skin pore size.” Thus, the ratio of skin pore size to cast surface
pore 25 size is greater than about 2:1 , and in highly preferred
‘enbodi- m%siﬁﬁﬁ 1, 4:1, 5:1, or even 6:1 or greater. Mpgpysyspoi7ee
asymmetry 1'S a continuous gradient only within the asymetric region. It
shoul d be noted that the ratio of asymmetry nenti oned above is only with
respect to the asymmetry neasured at the surfaces. In fact the 3 0
asymretry of the menbranes of the invention is nuch greater when the mean
pore size in the asymetric region, -a@ove the cast surface, are viewed on
cross-section ih scanning electron m croscopy. See, for exanple, Figures 1

c, 2c, and 3c. WenThéimsovesnentaef, humni au:msr ;heoﬁunfm ot the anast fibh t he

VD 95/ 23640 O0L75 -
12 - inventi onmé:fﬁoaesg? the por $lzeg' hoy egre rrf ﬁgenssglbe at'thﬂof‘bcT d'sm%ﬁ‘g@hﬁggé‘haps as
hi gh as 100: 1 mltssitzrmaﬂee)stages anmreateﬂsmmenmmtmeomdwtl dbkiefieret weough t he
skin pores tha r t I ar ger
han L ne por oo opNUR B foe i Hod Bnbi o Rioh Uiohigh 6 8b? onthid
observed &symmbumid duabw:dwom o sapid as to distartithe surfacey.gireferablysata spesddustect i onal

anal ysis indic [ ' s on both surfaces. Wthout w shing
to be bound bygl']iﬁ‘;i/h’pagl{B t“g gt(')?@g&égdnode :

The homogeneous formulations are advantageous from the standpomt

that they have greater stability than the Mﬂ_lg type phase separation
formulatlons, but the latter formulations prowde membranes that appear to

10 have greater asymmetry ‘
Anplications of the Open Pore Membranes of the Invention

The open por_e" polymeric membranes of the invention.can improve the
performance of many types of ana"'lytical' devices, in particdlar; those devices
15 designed to detect and measure various analytes directly in a single
application step from a heterogenous fluid sample The particular suxtabnllty
of hughly asymmetrlc open membranes for diagnostics arises from:
(a)  the graded pore (asymmetric) structure with enormous
" size pores on the open side; '
20 . (b)  increasingly smaller (but still very large) internal pores:;
- (c)  theisotropic region below the skin; and
(d) large open pores on the "skin® side, l'arge at least in
comparison with other membranes.
These features create superb wicking tendencies, both Iateraliy and
25 vertically, with 'a"liquid front travelling through these membranes at 3to4
| ' times the r_ate of travel in the comparable tight pore membranes.' At the same
time they provide. filtration capability. In' analyses of blood samples, for
example, the. plasma from a blood drop quickly wicks through to the skin
while the red cells are restrained by the membrane’s network of filter cells.
30 Plasma can be recovered from the skin side and analyzed ina separate layer
below the membrane. With appropriate chemical reagents and enzymes
imbedded in the rnernbrane, the plasma can be r_a‘pidly analyzed for its various
ingredients by colorimetry or coul om_etry,'for exampie. Also, by fixing specific



2

of . operation, there are three plausible explanations for the skinning seen
in the menbranes of the invention. First, when the cast filmis exposed to
arr, the ¥0O9523# er vapor begins to gel the filmand for RGBT Di ent
menbrane in the top region. However, not all of the polymer may be gell ed
inthis brief time. Therefore, when the filmhits the quench liquid, the
remai ni ng unprecipitated polynmer then fornms a skin. Second, or
alternatively, a perhaps better explan ion is sinmply that surface
contraction shrinks the pores due to t i nherent difference in

surface energi esarﬁﬁgaﬁ%/‘i@tthéa‘ﬂ\% vwo& é){}@aﬁ%?s Q&ﬁﬂbghuﬂﬁ afld i3y e?g' e

that mnimzes its sur ce-t0-Vvo urre rat ere nay
slight mi grati orNes spesifimkinding te the rsembme lsjelenmtqdmy mlyeptagmeatmwti n

chem cal potentigl %?,\ L dtth s J'C"ﬂ nt of
t he menbr anes Zo&the ﬁrhe |hbérﬁ°ﬂ,g§nt§?g ner Etekﬁ?sgﬁg a?ﬁwoul d
be predicted fororthnayinscsesuryathumineasis; knowmtq these @i;illed inetiecgrt.oAccrratere

Ki t
et ween t he®: Soriraysid (8ghirdd eCatliice OFnRBERAE Bl A cBRpEngé©
convent i onal reaefcﬂharfgndmmnleseg@%memume t Adwgeaph lcueemwmn@ogtedrwshoul d

be smal | er than n%.l?f'ac%ﬂt@{xﬁ?{y%n%n#s'befzﬁiﬁtblq&l{% 0?5(1:!38' ﬁmw,,gh%wfoPhoblc |

progressjvely s er W usion is a
sl ow process. Thmembrdne eas be taeéaneuedeeweesredd tmwtaneﬂvkcam@nmaﬂ see

| ess water vapor and. ttch ggf,g{veno,pg,%ﬁ hﬁ\&mg;rh?hglﬂahdg@‘@ m&b?;f/quggﬁ@r to

confirmthis convent I onal’ reasoni n ave 'reverse romthe
skin to anlpnverbtmdlwlqal wicking properties are the same with hydrophobic membranes.

Efficient performance of the analysis procedure depends on rapid filtration or

transport of the separated fluid samples. '
Membranes composed of cellulose nitfate, cellulose aeetate, and

mlxtures thereof and occasionally their polymer blends are typlcally used for

15 the porous membrane layers of such analytical devices. These membrane

- materials can be unsatisfactory in mechanical strength, often subject to
crackjng on handling, storage, and partieularly in automated 'manufacturing
processes. Nylon materials exhibit significant nonspecific binding due to the
numerous active sites on the polyamide surf'acelof the material.

20 The substitution of the open pore polymeric membranes of the
invention for cellulo_se nitrate, nylon, or less open polymeric membranesin the
devices described can improve both the efficiency and accuracy of the
specific analyticai procedure to which the device is directed. Conventional
devices can be easily adapted for use with the membranes of the invention.

25 Some of the broad applications include:

Vertical Fil vic >
One class of analytlcal devices contalns a porous membrane that |
_ delivers a flltrate either to the membrane undersnde or to a reaction site lying
30 below. Chromogemc reagents for detecting enalytes can be incorporated in
the membrane and the colored product in the filtrate is visualized from below.
See, for example, U.s; Patent No_. 4,774,192 10 Termineﬂo, the disclosure
of which is hereby incorporated by feference; where chemical test systems -



30 a short depth into the nenbrane. In contrast, the pores bel ow t he
skin in the nenbranes of the invention appear.to be of the sane size or

| ar ger t ores in the skin and remain with such i Rk ofon-
hormgeneou@ %%%éﬁodl stribution throughout the region. Wﬁ@é%
PCT/ 1 B95/ 00175 - 13 - Therefore, it appears that the isotropic region of
the nmenbranes of the invention is created by or is at least initiated by a
dry process interaction between the water vapor in the air and the polyner
film which causes honpbgeneous or isotgppic formation. This is anal ogous to

cellul ose m xed 5 esters or cellulose nitrate nenbranes. However, it
appears as t houghglutesecuiea, aipha-amylake, hilirahios tiglyoaridds, soxahohwolestarol, and

oSS ot o bt M BoABAE B8y s AN S by |
respect to the msmahéballeﬁnnmwooomuga&s arhduqmlnsed5| ze distribution 10
et S Lot L oP G nAot HEBRY BT S B hile, S HRBROMECY
anal yses (5.e.,4,980 q&am]MIematlam{orarblo@i filtéringr 4nd metening aleviceiand)V.St her e
\r/rva gsf)gl g g;gceséatent NS' tE '%%l é&:’ ﬁ(linﬂg %l('thtt:R lru\?déké BOJOBL 'E?é:ﬁ@rﬁné n
|mpregnated W|th analvte-spec:flc reagents to s«multaneously separate a
oluble fl!trate from a whole blood sample applied to the upper surface of the
membrane and to geherate a colored reaction product which indicates the
10 concentration of the analyte. The disclosures of such pétent_s are ‘
incorporated by refererice herein. - '
~ The membranes of the invention 'posséss the necessary inherent
propertles required for performmg the functuons of the chemlstry system as
_ to phvslcal charactenstlcs, chemlcal inertness, and optlcal propertles
15 : :
Lateral wicking devices operate based on the capillarity or wicking
propemes of a substrate, such as a membrane. See, for example, u.s Patent
No. 4,168, 146 to Grubb et al. which discloses a diagnostic device for
20 immunological quantltatlon havmg a porous carrier material to which
antibodies are covalentlv bound the dlsclosure of which is mcorporated by
reference. - _ _
The efficiency of such devices deoond on the capillary wicking speed
. of solution across the antibody or reactant coated membrane, and the
25 ~ adequate wicking speed, superior handlmg, and reduced levels of non-speclflc
binding- of the membranes of the invention can accordingly provide a more
accurate reading than devices currently availabl_'e in the art.

Membrane Absor evi

30  Absorbent devices are disclosed generally in U.S. Patent No.
4,125,372 to Kawai et al. the disclosure of which is incorporated by
reference. The }nemoranes of the invention, h_a\)e superior po'roéity or void
volume to many of the"convéntion'ally preferred absorpti\)e materials described
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Zepf nmenbranes. Support for this possibility is given by Mchaels in U S
15 Pat ent No. 3,615,024, Col. 5, lines 43-54, where it _is di sclosed t hat
a gradi enWOPSR4¢ r uct ure occurs when wat er perneation i nBGTIBBOTS i 1 mis
restricted by a tightened skin, which is forned by the water in the first
instance. Or, alternatively, as discussed above, it is possible that while
the menbranes in the isotropic region appear to be isotropic on visual

I nspection, 20 actual ly have a.por_ezgi stribution that accounts for the
poronetry data and hi gher bubbl e point than one m ght anticipate in view of

the large pore ghz9g. akC Gaedtdhair H.ﬁmysagmﬁwe Studtie. "ETHRdraes, e t he
present invention is distinct fromclassic asymmetry in that the nenbranes

of the inventi ofmembragesefitheinvention arg welksyitpd "@upﬂ'tﬂtw“ intesychdevicgsc) from

the skin to a IOQJs'FHC? thal rﬁ&hsraﬁe-modim &éwéea@remedmdnﬁsﬁ a8 'sBitabla Feddefts
| sotropic region | scussed above. ‘Accordi ngly, the as tr| c region of

the menbrane ocdnpwnita theseskilled in the @k t'T%%eé?"qerﬂf avarighsubgtancescan

menbrane. Wer eqy, cdrileds AWtk bRIAr sBhsifiVitF Bidh i8 SUFBRIY Yossiths incthaiapt.e, 1 N
W asi dl o and Zepf nenbranes, the asymmetric regi on occurs throughout the

entire, or substantially the entire, 30 menbr ane thickness. In the Fuji

menbranes, in c%@_?_,ﬁg%_éﬁe regi on beI'oW t he skin has inverse or reverse
asynmmetry, and below has slight conventional asymetry

expected that the prcHimianiy. aeglichlood testing QQV@st‘d?Wé“WJqf °@'!9§ P'i°ﬁ§“s°’s
formulations condghidig S&sﬁlihﬂmh\%dﬁfea_ltétih&lﬁﬁe the membranes of the invention as

10 will be appreciated by those of skill in the art. It is expected that such
' modified devices will perform as well as, if not better than, current state of
the art devices, sensors, and the like. '

15 " The polymeric membranes of the invention ean also be advantageously

substituted for microporous filters used in continuous laminar flow systems
for separation of plasma from whole blood. A system of this type is disclosed
in U.S.-Patent No. 4,212,742to Solomon et al. which is hereby incorporated
by reference. The membranes of the invention, have the ability to retain red

20 blood cells in their larger pores and, therefore, appear to increase the
separation efficiency of such laminar flow systems.

Similarly, the membranes of the invention can be used in a variety of
other applications. A highly preferred embodiment of the invention, for
example, is a membrane used for filtering the yeasts from beers and wines.

25 Because of the unique structural aspects of the membranes, yeast cells tend
to be collected in the pores, _but the yeast is retaiﬁed in substantially an intact
form without falling apart. This reduces the bitterness of the flavor of the
beers and wines. | |

In such applications, the membranes of the invention may be packaged

30 and used in conventional applications. In this rega_rd, the membranes of the
' inventioh have utility in appli_cat_ionS c‘urrently' served by classic asymmetric
membranes such as the VARA-FINE™ filter cartridg.es, VARA-FINE™ filter
capsules, and FILTERITE™ products that are manufactured and sold by
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14 - Therefore, colloquially speaking, the nmenbranes of ‘the invention can
be vi ewedvassdsew ng a funnel structure in terns of the flry/Bhssne
configuration throughout the thickness of the nenbranes. For exanple, the
pores neeting liquids flowing into the nenbrane fromthe surface that was 5
unexposed during casting is very large. This is the asymretric region,

whi ch woul d correspond to the conical ortion of a funnel. As the liquid
flows through the nenbrane, the pore- sf4es or flow channel s gradual ly

constrict, unti h rs n C region
whi ch cont ai ns W@@é@éﬁﬁ“ prhﬁgﬁ&#ﬁ'& B ﬁﬁ%@fcﬁrtﬁ %/'i‘l"‘ig(?ﬁ %’
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corresponai ng e ou (0] . unne e cture .0 yprcal open
or ta onr age Bevsiias Walshy, Bl B aifREited. in Relblane i wlatsil 16 btae o b <
shown in gi gur fﬁhelaxiahalﬂelgbrfé’ce armafrtha‘meuWah@.SThkhausing istypicalty amadef , on
aver age, err

0 evr] m B guiamasinert matiral s02h o8 Siconle Polmat Enlitefs Gov paBraneRef ¢ O
b0 Ao o SOt IS L T X e ke S b an
hymatr ot oot BAPEHING SpETR o0Y GiP 6,8 Sithe Ssetmblyn AR DAL G 1 ¢ o
about 20 [ er r | Mritéradedt disas,eadvum‘nmelmanacpbsmps,csuagw Solvents) eernperatures,§f ace
frltrates, and the like, and pressures. Potting is usually accomphshed through

10 heat sealmg or approprlate adhesives. _

Typical appllcatrons of the above-described ﬁltration systems are inthe
chemical, photographic, foed, beverage, cosmetics, .magnetic tape, and
electronics industries. In such industries, the filtration systems are utilized in
a vanety of processes and contexts. For example, solvent filtration, . acrd‘

15 f:ltratron deromzed water preparation and- flltratron, ~beer and wine
clanfrcatlon, and a host of other uses. In general, since the membranes of the
|nvent|on are so inert thev can be used in aimost any application. The
membranes stand up well in extremely acid and extremely basic conditions,
tolerate _samtlzlng and oxidizing agents well, and are thermally and chemicaliy

20 stable. As evidence of the extreme versatility and stability of the membranes,
it is. interesting' to note that the membranes have been used with 'gre_at
success in filtration of hydrofiuoric acid and sulfuric acid etching solutions
from electronics industry waste streams. On the other end of the extreme,
the membranes of the inve_ntion are capable of highly refined filtration in

25  extreme organie exposure, such as in magnetic tape waste and supply
streams. B - '
| EXAMPLES
The purpose, objects, and advantages of the membranes of the present
30 invention _will become more apparent through reference to the following

Examples, Tables, and' Figures. While the following Examples detail certain
_ preferred faatures of the invention, they are intanded to be exemplary and not
limiting of the invention in any way.



THIS SHEET HAS %SEN —
(F| gm@:q_ || be appreciated, the degree of asymetry based on
o agipr oxi MRtRlsEhét Has BERePAdd | Cul ar menbrane of the
Fi gure hasW99%R§f!‘Pe poi nt of 8 ps . nes shown | FCEARJEPUIS 2 and 3
have very similar structures but HH!H points of 11-and 16 psid,
respectively. Menbranes of the |nven I'0 so be prepared from
honmbgeneous 25 sol utions. Such nmenbranes can be prepared with bubble
points in the sane general range as thosg nmade from Wasidl o mxes, but
they tend to require | onger periods of exposure to the air and do not
possess quite the degree of asymretry gxAmmgelmade from Wasidl o-type
formul ations. Figure 4 shows_nt he - structure as_seen_in sca\r;m neI ectron

sol uti on, including s e SR , i oy .;7-'-v 3186 482 N gur e 4b)
and a cross-section o
has a bubbl e point of 12 psid.

PCT/ 1 B95/ 0075 - 15 A!mee.a%afdf%meﬁtm Hawanﬂge&.amwmﬁ wrthcw;iores
Wasidlo-type fornulations, the water vapor acts on the exposed surface of

the cast filmto W@Eﬁfﬁﬁlaﬁld)ﬁsq"ﬁ?egeb%ﬂ’eé“ genaraly the ﬁ'@"ﬁ{!’ﬁﬁeaﬁ’és arapared 5
reg 'ngpofﬁ_ts e?ﬂ'eng effsb?rh %}"éthﬁ&r&%j_éf& polyshiforiehformulatiod UREY isV\Bicd 1o HRIPEI
hxghlv asymmetric membranes having a bubble pomt of 45 psid. The casting
technique to prepare the membranes of the invention was similar. However,
10 the air gap was increased and the relative humidity of the cast was

monitored. The formuilation was as follows:

Dimethyl formamide (DMF, solvent) 73.72%
tertiary-amyl alcohgl 15.56%
1s " Polysulfone (AMOCO P3500) 10.75%
Casting Index 173

The formulation was cast in an automatic casting machine (conventional
dlagnostlc grade). The formulation was spread using a spreading knife onto
polyethylene coated paper under the following conditions:

20 Casting Conditions: :
Casting dope temperature 105°F(41°C)
Quench water tamperature 1 18°F(47.7°C)
Airgap 6in
Casting speed ' _ 20 ft/min
25 Room temperature 77°F(25°C)
Relative humidity : - 59%

Following dryi_ﬁg of thé ‘resultant membr_ane, the membrane was
~ recovered. The recovere_d membrane had the following properties:
roperti '

30 - Bubble point | - | 8-psid

Water flow rate o -19.9 cm/min-psid
Mean flow pore size 0.9 ym
Thickness : ' ' 121 gm
Breaking strength _ 454 g/cm

35 o Elongation 27%



5 filminto a highly asymmetric substructure. Because the film may be
exposed to the humd air for periods of a second or nobre in these .
synt heseswaidsi2sato pr udent, t hough not necessary, to sel ect per/ifospbgso i x
that is reasonably stable with respect to phase separation, for exanple,
formul ati ons that under the conventional casting procedure produce
asymetric nenbranes of 0.45 10 [errJmor 0.2-[err]mpore size or
~smaller. Exenplary menbranes are formned usi ng a pol ysul fone polyner in
sel ect ed sol vent/ non-sol vent systens;- fwever, the pol yners from which
menbr anes of the inveption.can be cast are |nnunerable and, therefore, the

suggest ed fornul ation e £asting doneq agindicatad -y thg indexnwas stabler Jharesltahs The

casting fornul atrmemBraner hdd@s ﬁml’ﬁ?ﬂ‘brd%”feébﬁé@ stiFfd6e %p@ﬁraﬁc@()' Yhi€kness,
solvent, and a r@n sol vent nmers which can- used i nclude any

pol ymer capabl e R5paking n"f’ﬁﬂgtg ?'Bﬁ%a 198, WEFR YPIGH; © ﬁt%\s&merd Bst‘b'en

found to be partpreauar Imwmf itk corftrdsh €o ﬂﬁtb?iéﬁl Efs-hb%lrddau\é?'}h% g?%‘?ﬁ'ﬁj?gene
I ncl uai ng

ol ysul f one am de vin ene
P s e o8 | P el sipBeardiR Kiver Yubils Brint Bdth iy iprayed Aow racss. Ths
pol yal kyl acryl onnémbtane is eferrgtbto/hersinaiacSampls iayr es of pol yners can be used.

Preferred pol yners ‘i ncl ude Lexan pol yﬁm‘% AMOCO P-.3500
pol yaryl sul fone, Nylon 6/ T 25 pol y ene terepthal ani de, and
pol yvi nyl i di ne fl uor IPGEPAAAEIDN OFUWIEVBRANES(GF THE mggumu HAVINGCO P- 3500
pol yaryl sul f one. DIVERSE BUBBLE POINTS
0 ' Two additional r'nembrane_s'wer_e prepared in accordance with Example

1. The air gap was decreased slightly, dan— to 5.5 inches and 5 fnches,

respectively, and two membrane.s having different bubble points were

obtained. The 'mer'nbra'ne prepared with a 5.5inch _air gap had a bubble point

of 11 psid (Sample B)', while the‘membréne_ brépared with the 5 i_hch air gap
15  had a bubble point of 16 psid (Sample C).

. Other than the difference in bubble.point, the Sample Band Sample C

membranes had slmllar propertles to the Sample A membrane prepared in

Example 1.
_ EXAMPLE -
20 SCANNING ELECTRON MICROSCOPY OF THE

MEMBRANES PREPARED IN gXAMELEg 1 AND 2

'Scanning electron micrographs were prepared from the membranes
synthesized in Example 1 and 2. Generally, micrographs of the skin surface,
the casting surface, and the cross section of the membranes were taken. The
25 samples were cut and sputtered 'wi_th gold using conventional techniques.
The micrographs were prepared on a JEOL Model No. 5200 Scanning Electron
Microscope equipped with a Polaroid Camera The results of the micrographs

are shown in Figures 1 through 3. _
Figure 1a shows a skin surface micrdgfabh taken at 5,000 X of the
_30 membrane of Sampie A, which had a bubb_le point of 8 psid. Figure 1bis a
cast surface micrograph taken at 1,500 X, and Figure 1c is a cross-sectional

micrograph taken at 500 X of the same membrane.



Preferred solvents which can be used in the fornulations of the invention

i ncl ude di pol ar aprotic solvents such as dinethylformm de,

di met hyl a®¥@ 33640, di oxane, N-nethyl pyrrolidone, dinethyRIBSRMEE 30
chloroform tetranethylurea, or tetrachl oroethane. @:her polyner/solvent
pairs are disclosed, for exanple, in US. Patent No. 3,615, 024to M chaels.
Sui t abl e nonsol vents include al cohols, for exanple, nethanol, ethanol,

i sopropanol , amyl al cohols, -hexanols,_ rae})t_anol s, and octanols; al kanes such
WD 95/ 23640 ' ' PCT/ 1 B95/ 00175 - 16

- as hexane, propane,g '3%%§%Fg%'ﬁ39m§fw;@§?§§§?§' a@@,@o@%??he et hers

and esters such as .acetone, and anyl acetate.
For mul ati ons f ormambeanglod Sampie Bewhichrhad sbubhie ppint of8nsidhr Bigueg 2this aret hods

set forth in ZeF};falsts %ﬂé +§g&éﬁ£;ﬂﬁ)€k. a4 J%%%&,%%%;{:?%g 'isf%&%s's—'s@ct’i_’onal

general , polyner I ssolv I'n solvent at the ca nperature, and
t he anount of nonicgoraph taken @bROP N of-thetsameonembeanghe desired turbidity of

the formul agion {0 | Nig Qe Sel dbwdnd Eﬁﬁ!ﬂsuﬁ@?ﬁirﬁi&oﬁ%gg\f{?%ﬂ P, o8P of

Honogenous TCasting for ations can v e Cco I on I ng outsLede t he
spi nodal / bi nodalmembiape ofSamnple Bhwhichchasya hubble point of 81msid. Figureodkiscdus
formul ations ar &.a0¥ e HicFodridH tak8 heh 003k, drid¥idurs $Eid & fdk-sectional
' micrograph taken at 500 X of the same mémbrane. _
As will be seen, in each of the cross-sectional views, the membranes
10 = exhibit a generally isotropic region in the area below and including the skin
surface. This isotropic region appears to extend through greater than a
quarter of the membrane thicknéss and perhaps as much as a third of the
membrane thickness. Below the isotropic region, the membranes have an
asymmetric region. | - "
15 The degree of asymmetry of the membranes is most cléarly seen
- through looking at the surface micrographs, where the pore sizes at t_he
surfaces can be observed. In Sample A, Figures 1a and 1b, on avérage, the
pore sizes are approximately 3 um on the skin surface and 20 um on the cast
_ surface. s§mple'B, in Figures 2a and 2b, on average, the pore sizes are
20 approximately 2.5 ym on the skin surface and 15 um on the cast surface.
And, in Sample C, Figures 3a and 3b, on average, the pore sizes are
approxirhately 2 ym on the _skin surface and 12 4m on the cast surface. In
each case, the degree of asymmetry is approximately 1:6. Recall, however,
that this degree of asymmetry occurs in the last two-thirds to three-quarters
25 " of the thickness of the membrane',-so_ the pore ratio is hot as great as if it had
progressively spread through the toial thickness of ti'le membrane.
| . EXAMPLE4 -
PREPAR_AI!ON'Q_ F ZEPF-TYPE MEMBRANES HAVING
B DIVERSE BUBBLE POINTS
30 In addition to the above formulations, two conventional Zepf-type
membranes were prepared. The methbraneé We_r'e prepared in accordance
with the Zepf patent, Example 2, with an air gap of less than one inch. The



concentration of polynmer to give the menbrane sufficient integrity and
~nmechani cal strength and not in excess of the concentration at which the
m xture t 00 viscous to cast. Usually honngeneous éﬂi
formul ati'ons Conpri se fromabout 7 to 28% polynmer or m xtures of polyners -
15 and fromO to 30% nonsol vent (wv), ‘the bal ance being solvent. The
sol vent and nonsol vent can also be mxtures. In the |liquid quench systens,
the liquid should be chemically inert with respect to.the polynmer and
preferably mscible with the solvent-izathe casting solution. The preferred
gquench liquid is water. he nmenbrane as cast is hydrophobic.

However, as wi I'Ies‘l!ibﬁ"émﬁﬂ&!ﬁ%ﬁsé!?d @@lﬁrﬂ‘&%@@ftzﬁﬁnm psm.g'eamwehraynd)e added

to either the f 56 Teleftbl Q@herfehﬁaﬂsé‘fﬂﬁﬂ ﬂhg&usgmngt he rinse liquid to

i ncrease the hydrophilicity of . nbrane. "Preferred agents are

pol yhydr oxycel | ul oseSEM's®f tha mu\ban%@hwapeclaé@lﬁd@uémmb;ammosuregl yceryl
ethers, and nongiygas Sa%ﬁou?h bt 4Ry %ﬁ’s@ﬁmﬁhq {raGidH dutfach Othe O3t Birfacel NOSE Of

t he ZonyI [err] ty The concentration of surfactant In sof ution
is not cri¥®i cala"dgﬂ'?ﬂ Chesp-se 3‘@3°th§1$%{“9?6§:@me§§19 which hasra b'@WQPOI\b over
10 percent. Mengyewigsidami Figihe Ba@/hich idthe skin surfaceTrhﬁ:r aﬂi S:%]

erein the castlng

i nvention can be cast usi ng any . conventional procedure
di spersion or sBMembsang, $he peres@re ﬁlear'vamﬂebmea umeapdranavesagm@re from

whi ch the membr @agmiAmeRf dlafietér. 376 cHb@lsdtiioRil viessFiglied Bo, thA RIS anes

can be cast either manually (i.e., poured,_ cas
asymmetry of the membrane is seen. The pore ‘'sizes gradually increase from

10 the skin surface to the cast surface. The poroslty of the cast surface is ‘
shown'in Figure 5b. The size of the pores on the cast surface, on average, '
are 20 ym in mean diameter. S

- EXAMPLE 5
| PORE SIZES BASED ON SEM ANALYSE
15 The pore sizes of the various membranes prepared above, were

analyzed in an effort to provnde a quantitative: determmatron of their sizes.
The results of the analysrs is presented in the following Table

TABLE| -
20 .
Sample Figures Skin Surface Cast Surface
|| ‘A - 1aand 1b 3um - 20pm "
B 2a and 2b 2.6mm 15um |
“ C " 3aand 3b me 12um
25 E 5a and b .
EXAMELE 6
_ QQQLTER DATA
The structures of several of the membranes in the Examples were
30 charactenzed using a Cou_lter. porometer, Model No. 0204. The results are

.shown in the following Table.



V\D 95/ 23640 PCT/ | B95/ 00175 -
18 - Large Open Pore Menmbrane froma Wasidl o Type Fornmulation An initial N
attenpt wIMOA%2RE4® 0 produce a nenbrane ‘having nore open pdRGEIBOHOMTE he 0. 45 -
[err] m pol ysul fone nenbrane (BTS-25) described in the Zepf patent by
nodi fyi ng the phase inversion-fornulation according.to the 5 menbr ane
formation theory set forth in the Wasidl o and Zeof "patents, that is,

i ncreasing the optical density of the_cggting formulation by decreasing the
pol ynmer concentration and increasing the nonsol vent  concentration, and al so
I ncreasi ng the quench tenperatures. The@iﬁi | mwas al so exposed to humd
air briefly before quenching. 10 t was. expected that a casting
formul ati on havi '

: ed to
0. 600 woul d pr objBhayactedstin asmo«a Sample B* (Sempl¢ O Sarvple D‘ab Samppie/Efe mri c
nmenbranes. | ndee %lmam)rang préducgd wa te opegi nmeafglit
testing shoged t @};,d eyror ane hqd a bub d, water ff | ow
rate of 17.7 cm 0 'pm-e—sr'z- errjm
A nore highly pr i %g d@i?sp#séﬂ“ﬁha e
W asidlo type ph ~Re o :
Weight (mg) 17.2 16.07 19.4
Dead Volume 0.0505 0.0516 0.0476 0.0579 0.0533
10 (cc) '
_ I Percent 79.2494 | 79.1271 | 78.9515 82.0057 77.6295
Porosity
Minimum Pore | 0.8433 0.7687 0.8030 0.3763 0.1390
Size :
15 Maximum 1.2027 1.0423 1.1885 0.5303 0.2460
Pore Size .
Mean Pore ~ 0.9970 0.8447 | 0.9450 0.4443 0.2040
L‘ Size .
Diffusive 3.565x 107 | 6.08x 107 | 3.47x10” | 5.14x10° | 6.66x 10°
20 Number of
Pores at
MPFS _ _
Maximum | 4.06x 107 | 8.11x 107 | 3.69x 107 | 5.18x10° | 6.74x 10°
. Diffusive : :
25 Number of
Pores
Total Number | 1.58x10° | 1.87x10° | 1.45x10° | 2.72x 10™ | 4.25 x 10" H
of Pores
Diffusive Flow 2.3013 3.2293 2.3883 1.9323 21237
30 at MPFS ' _ '
Maximum 2.3550 3.5923 1.9630 2.1827
Diffusive Flow '

35

* Based on the average calculated from three samples




pol ysul f one nenbrane (BTS 45) type and casting at |ower tenperature as
taught by Zepf, Exanple 2. The |ow casting index of 0.176 indicates a 20
rel ati vekyo éd3pe casting dispersion. The cast filmwas ecxrasssbomsi efly to
hum d air before quenching. The cast nenbrane was conparable.in quality to
the standard product, having a highly asymetric substructure, but also
havi ng a bubble point of 8 psid and a water flow rate of 19.9 cm (mn x
psi). Porometry analysis indicated a nean flow pore size of 0.9 [err]m

rather than the 25 0.2 pmpore drafBter type and 45 psid bubbl e point
t hat woul d have been obtai ned from t_hg Zﬁ@ngard-BTS- 45 formul ation if -cast
in the usual manner. Scanning el ectro ' ope phot ographs (Figure 1)
showed a hi ghly asy ABA B! TERDATA Ek oids. 30

[KICA

Larae Open Pore Menbrane .from a Honogenous, For nul at 1.on -Exanpl e 8 :
doronstrates the preBARANG AU AL PheRomeRRl ol MErabrateecl thq
high flowrate Weﬁﬁ&ﬂfsi et thef d:bmeea%a differs maFiuaiRoRoMaNE aetldl phpdicdlo humi d
Sl5r12ggl48r' tso qugtrnl'ﬁctlupeg o* tthel prie%raer{és as Sgtelgr%i?éd emplﬁ_%l}@(%%%g@gf%‘éf\?/\g with
i ni mal  exposur gentbrimgs, d Foi éxaniphé; if @ EEHOAMLE Taisle,Uthe Ghiningsti Db sitrilgh, 9 %0
pol ysul fone in 72d% ~sol.vent apd 19% nonsal vgnL g&nerat es hio(%‘hlay :

and mean pore sizes as determine y “Coulter are contrasted to

measurements from the SEM’s of the membranes. -

S - TABLEW ,
10 _ . _ (
: BUBBLE | couLter EMPIRICAL

POINT ' DATA Skin Pore Size
. . | o Open I;:re Size
o Minimum | Maximum | Mean ' .
|| samplea | 8 psia 0.8443 " | 1.2027 | 0.9870 | 3120

SampleB | 11psia | 07677 | 10423 | 08447 | 28186
16psid | 0.8030 | 1.1885 | 2n2

15
‘As will be QbserVed,_in Coulter analysis, the membranes appear to
. have similar pore sizes. Yei. empirically the membranes have very different
surface structures from one another. Further, the r'naximum: and minimum
~ pore sizes seen in Coulter analysis is not even approximated in the SEM cross
20 sectional views of thq membranes. Also, the bubble point in view of the open
pbfe structure would be expected to be lower than the observed or actual
bubble point. | ' '

- "EXAMPLE 8 |
PREPARATION OF POLY§QI_.' FONE MEMBRANES FROM
25 HOMOGENEOUS SOLUTIONS
Laboratory castiﬁg of a homogeneoué solution of 9% polysulfone
(Amoco P-3500), 19% 2-methoxyethan'ol, and 72% 'dimefhylformamide
yielded a membrane with a bubble point of 72 psid when cast with 0.25
second eprsure to hunﬁd air (temperature 22°C, relative humidity 44%)
30 before quenching in water (45°C). The same formulation gave a membrane

with a 12-psid bubble point when subjected to 4 seconds exposure to air at



asymretric menmbranes, 0.2 [err]mor tighter, with bubble points greater
than 45 psid. Under the hum d air exposure described in the exa .
nenbr anes WO952364i ng an average bubbl e point of about 12 ¥k N&Wa wat er
flowrate of 8.4 cnmimn-psid were produced. Exanple 9 descrrbes t he
preparation of menbranes from various hormgeneous formul ati ons and varyi ng
times of exposure to humid air. Independent of fornulation, increased tine
of environnmental exposure 10. produddd nenbr anes. havi ng | arger surface
pores, up to 8 microns, on th e '{M%?t side, and water flow rates u

greater than 19 %ﬁ#ﬂdrﬁ% b%’?t)"e ﬂ'“t:oT'?eé?ﬁBH%lPP&j%%‘HPeWBP%P%t "93 to 4
psid. These nenmyoap&stionar @ragmewefcmmmhrmm With & @laBRE esntQlolie open

side of over 100 mcrons. See anex The initial experinents
used 2-net hoxyetthamsft tg incregsg the Pymidity. however pol yet hyl ene gl ycol (PEG
400) and pol yvinyl pyrrolidone (PVP 10, wer e successfully
substituted in concentratrons up to 25% o the t ot aI nonsal vent
concentrati®dn. It is inter -S=Eed ROSE . f=al so acted as a
-good co-sol vent in thjpeEMBRANE DF | REPAF ENAMBLEENL S, air
tenperature and hum drt were rreasure abo 0.48 cm)

above the casting pl ai"é“'“Ag P'*F’BWWB‘I%&W‘Fé@’emdrﬁwrtﬂ%ﬂ‘emii%’ ﬁfeasur ed -

with a Pitot tuhfe im@hrfmmﬂet W%Glﬁrép%r&i‘hn%htp%prﬂs irientiéred, tR8 ridiribiréne P i OF
to casting. A good exanB the_eff ectrﬁ hum di t% can be seen b
conpari ng had a bubble pornt of 12 psid e SEM‘s were run

: 10 Exampie 3. The results of the SEM’s are shown in Figure 4. As will be

appreciated, the membrane has an open skin surface pore structure (Figure

in accordance with

4a). Also, the cast surface pore structure is very open, demonstrating
substantial asymmetry (Figure 4b). On cross-section, the membrane is similar
to the dispersed formulation membranes in the presence of the isotropic _

15 region and the asymmetric region (Figure 4c).
PREPARATI E EMBRANES OF THE INVENTION
H S FORMULATION

Several different hbmogeneous polymer s_olutions were prepared and
20  castinto sheet membranes according to the procedure set forth in Example
2. Exposure to humid air was Vried as described in Annex 1.

25

A quantity of 60 2 of sheep whole blood \rvas applied to the open dull
sid'e of 1 x 4 cm strips of asymmetric membrane of BTS range of from BTS-25
to BTS-65 as well a_e the open pore BTS-4 membrane prepared as described
in Example 9, and a reading was taken of the time required for the plasma

30 front to reach a set dis'_tance'fror'n the point of application for each membrane.
Both across web (A) and down web (D) samples were investigated. The
resuits are shown in Figure 6. '



25 + experinments 1 and 2 in Annex 1. In the first experinent, stagnant
air was present -and in the second experinent, under otherw se conparabl e
condi ti onsyobdmesi r was novi ng. The bubbl e point in the nepgaBéoYRS

hal ved, and the water flow rate increased by a factor of 1.7. As will be
appreci ated, low humdity exposures result in nenbranes wth consequent 30
| ow perneabl lities and high bubble points, while higher hunmidity (i.

60% and bl owing air, the nenbranes had significantly reduced bubbl e p0| nts
(i.e., 4-psid) - and correspondl ngly high3%ater flow rates (of up to 20.6

The Momogenous sol uihon, asdakieking Ml s ot hoss wholsbiom wang 100
nonsol vent gener apptied itd ghl y4amymtoflaczmmanmne Qae%atedfwﬂ‘ie%eﬂ\bﬂbfer

wi th bubbl e poi nts drea n e hum I expQsure
described in theé’@?%ﬂ% efheeﬂﬂsrgﬁiggghad tﬁéfe BW‘W&‘&Q@WUBI 5 nt of
about - 12 psid, anlcampammn fthe vateadfelatdralBwicking oh Right ipdre\RiembPsRAUwaS!.

Exanpl e” 9 dgscri e] eﬁgr ation of . menbranes from various hom)geneous
formul ati on and ﬁﬁ s of exposure to humd air-

B. Me_mg_aj_s_ena_a_ug_ A quantity of 25 y1 of sheep whole blood
‘was applled to the dull side of the membrane as descnbed in (a) having a
surface area of 1cm2 The weight of plasma drawn off the trght side and
absorbed into filter paper was approxnmately 10mg )

10 - C. Protein Binding: Proteln determlnatlons were made for the ‘
following enzymes accordmg to the Pnerce BCA proteln test and the optlcal
densnty read at 4 = 562nm. Sensrtlvrtv of the assay was Iuglml and proteln
on the membranes could be read at <0 3mglcm"‘

1. Acid phosphatase at concentratlons of 100-500 uglmi

15 showed less than or equal to 10% adsorption to the membrane when filtered
through a 47mm dlsk of the filter materials prepared as indicated in Examples

1-4 at 0-10 psi and across a pH range of 4 5-9. 5

2. Malate dehydrogenase at concentratlons of 100-500 pg/mi
showed less than or equal to 10% adsorption to the membrane when filtered

20 through a 47mm dlsk of the filter materials prepared as indicated in Examples

1-4 at 0-10 psr and across a pH range of 4.5-9,5.

3. Lactate Dehydrogenase at concentratlons of 100-500 pglml
showed less than or equal to 10% adsorptuon to the membrane when filtered
through a 47mm dlsk of the filter matenals prepared as indicated in Examples

25 1-4 at 0-10 psi and across a pH range of 4. 5-9 5.

' EQUIVALENT§ '

While the mventlon has been descnbed in terms of certain preferred
embodlments and wrth reference to certain speclflc Examples and Figures, the

_ invention is not limited t_hereby. Accordingly, no matter how detailed the

30  foregoing may appear in text, the scope of the invention should be construed

| only with reference to the appended claims and any equivalents thereof.



| ndependent of fornulation, increased tine of envi ronnent al exposure 10

produced nemnbranes having Iarger surface pores, up to 8 v t he
tight si dWO%R¥Y4hater flow rates up to greater than 19 crrg’%i‘n plsm)ﬁg Wi'th

correspondi ng bubble points of 3 to 4 psid. These nenbranes were reasonably-.
asymmetric, having pores on the open sjyle of over 100 microns. See Annex |.

15 - The initial experinents used 2-net hoxyet hanol as a nonsol vent;
however, polyethyl ene glycol. (PEG 400) and pol yvi.nyl-pyr '
10, 000) al so U SSulrTy [su % [ ed ifn corjcentrjti onp uplto 5% of
the total nofsol vent. gonc ng:é.atl.gn. Zt|i& int&redt&ng k& no éth%t VP- 1
0,000 also a teg as afjgood £¢- qoEv4ng | ni thi§§situ§tio E 20] & E I n
the experinefitsg air errper%ﬁu egandg hiing di t vvere‘me @red @9.1@1 | ve
‘inches (30.4 c§1) abdve t §%s§irg§ﬁle§§. A§r‘ flg\& VEER® | i8] Swépre
recorded, we : Aottt B s el above
the casting f§l ate, prijor tjo cadti nq. A} Cts f
humidity can be-.%gﬁ yocqnparijnd 255 ' L Ame
the first exfer Fent Hstadrfint |al'r i °
experinment, dynd par g Tovi fg. The
bubbl' e point fi n S hg & P o n reased
by a factor d¢f_ appr sutes fesul t
in menbranes fjw ' bubbjf e
- points, whild h| ige.
3 0
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and blowing air, the nenbranes had significantly reduced bubble points

(i.e., 4-psid) and correspondi ngly high water flow rates (of up to 20.6
cmmn piggé 640 WD 95/ 23640 PCT/IB95/00175
PCT/ | B95/ 20 - The novenent of humid air across the surface of the

cast filmincreases the pore size; however, excessive air flow can disturb
the liquid filmin its formative stag@s&-and create distortions in the
product. Therefore, we believe that the air flow should be high enough to
renew conti nuall\ !__'7_7771 nid 2 hiut _no 0 _ranid_a o distort the

surface, preferably er khan.the c‘stlng speed.
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. || THI
appl i atl-lj%SngfT Hés %‘15'\5 ’heterogenous fluid sample. The particul ar

suita mretri c open nenbranes for diagnostics arises
from: (a) W?Wﬁ”aded pore (asymmetric) structure with endfsS™NZE pores
on the open side; 20 . (b) increasingly smaller (but still
very large) internal pores; (c) the isotropi ¢ Tegion below the skin; and
(d) large open pores on the "skin" side, |arge arlson wth
ot her nmenbranes. These fea;t Ur es creat‘e §uperb mmmn “I"j bot h :
| aterally and 25 : Y, th a li Uld FONt - tr awe slngthr ough

t hese nenbranes S the rate of travel in the conparable tight

pore menbranes. At the Sagepdiyher mbr&@v.bﬁen&hbtd HkdtosurfaeBARl sddond | N
anal yses of bl ood sanp

for exa t he froma bl qod dro
G Ch'y i Cke & PHTEARN BT & AEOS SPPRNECSTTEule cHorEBeIwesty HAESE 8 AR by t he
menbrane’ s net vveurlfadaf cdrhprises acrelativelydben deé amwaanmhé 86c0rdr Kfeceom t he
skin side and analézed in a separate I% Wﬁgﬁ eh? nbrane Wth '
appropri at @ chefiPPANSESAMAR WP e sy ¥ $ypROFHOGFtTUGILre 1o
pl asma. can be r aerhﬁhsesarrﬁéwméarasymm«mhmgh ammcbmvabstﬂzxsuoﬁbmhg netry
g&f?ggg%g&% 5 fstcr)trxctureall;ﬂ)t no more tﬂbn l%‘)é of( th e sup ortmg s‘%ructur\e/\lD 95/23640

2. The membrane of Claim 1, wherein the polymer is a

polysuifone. .
10 3. The membrane accord_ing to-Claim 1, having a bubble point of
from about .5 psid to about 25 hsid. |
4, The membrane of Claim 3, wherein the bubble point is from
about 5 psid to about 15 psid.
B. The membrane according to Claim 1, having a mean aqueous
15 - flow rate of from about 4.5 to 25 cm/min psid.
6. The membrane of Clalm 1 havmg a bubble pomt not greater
than about 25 psid. _
7. A polymer membrane comprising a first porous surface, a

second porous surface, and a porous supporting sfructure having a thickness

20 therebetween, wherein the sﬁpporting structure has a generally isotropic
structure from the first surface to a point at about one-quarter of the
thickness of the supporting structure and a generally asymmetric structure
from the point to the second surface. '

8. - The membrane of Claim 7, wherein the polymer is a
25 polysulfone. _
9. The membrane accordmg to Claim 7, having a bubble point of

~ from about .5 psid to about 25 psid.
10.  The membrane of Claim 8, wherein the bubble point is from
about 5 psid to about 15 psid. _
3(5_ | 11. The membrane according to Claim 7, having a mean aqueous
flow rate of from about 4.5 to 25 cm/min psid. - |
12, The membrane of Claim 7, having a bubble point not greater
than about 25 psid. ' '
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THlSZ&HEETaHf@S‘EENe; to the nmenbrane, various analytes can be bound and

neaSEPLACERoN s

Treat nent

such as human or bovine serum al bumin, as is kno

sol ubl e conponents of the fluid sanple to the rrenb
menbrane coated wi th surfactants has |%W nonspec f

art. Accurate 5 anal ysi's requires the absence; of nonspecj f i
“@ Eg tles

however, a hydrophobi c nmenbrane can bé

“the conventional nmnger hOpOV; ihbiaRe ARG § 118 poroud Purhiesdla N0

capabilities,

and 10

eral/vertical wckin

used in test deV|ces and bl ocked in

roperties are the same

pcific binding to the menbrane is elimnated by prelimnary
menbrane with a sol ution of biologicall ypdaRbdoor®s €ri al ,
xm_t_g_t—hese—yﬂ—l—l—e&

wi th hydr ophob|secmﬂwwmw§ssurf_mm @angne %Pfimﬂﬂa#@@tﬂﬁ having i thicknessr ocedur e

depends on rapigey Bbéty ce'i QUpbﬁﬁﬁ?prrﬁcﬁf tde‘ﬁnﬁgp%ﬂ:?dﬂéw Ubl&nﬁ@ﬂpl es.

Menbr anes conpose
‘thereof and oc@agvmthwflﬁh@nﬁ qseﬁmrewfeﬁ&;rmaera\nethpyftmmpwm @awp Gr 15

OSE nitrate acetate

the por ouss meniy,gagntislypastaht ﬁ%n%ﬁtef ?Hoﬁ-?the‘i'i?ét'sﬁﬁﬁce tmaep?ﬁntrﬂf

materi als can be unsati sf act. or){‘ in nechani cal stren
cracki ng on hafapiaygrtersefthegbic

the nunerous active sites on th yam de surface of the naterial.

The substitution of e Jb%nmﬁmbéa’}?ol"f/r@ i hdntyherein the Pelymesyin@i on for

cel I ul ose nitr goRsulfore?N ‘I'ess open polymeric nenbranes in the

10

15. The membrane according to Cla|m 13 having a bubble point of
from about R DSId to about 25 psid.
16_ The membrane of Claim 15 wherem ‘the bubble point is from

about 5 psid to about 15 psid.

17. The membrane accordmg to Claim 13 havmg a mean agueous

15 flow rate of from about 4.5 to 25 cm/min psid.
18. The membrane of Claim 13, havmg a bubble point not greater
than about 25 psld
19. A porous polymer membrane suntable for isolating a liquid
fractnon from a suspens:on. compnsmg.

20 an mtegral porous skln, lying at one face of the membrane,
wherein substantlally all of the pores of the skin have diameters
greater than about 1.2 mlcr_ons, and

a support region of the membrne tyirig'beiow the skin and
having an asymmetric structure. -

25 20. The membrane of Claim 19, wh'erein the polymer is a

polysulfone.

21. The membrane accordmg to Clalm 19, havmg a bubble pomt of
from about 5 DSId to. about 25 psid.

22. The membrane of Clalm 21, wherem the bubble pomt is from

30 about 5 psld to about 15 psid. '

'23. The membrane according to Claim 19 havmg a mean aqueous
. ‘flow rate of from-about 4.5 to 256 cm/min psid.
—\
This Sheet Has B

R sosoreswer ez

m Xt ur es

cg ften subj ect to .
aets phihe supParting $tru U!Pcﬁﬁ?t%’d'ﬂ?ﬁﬁﬁ:’?mct uring
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' ) THIS SHEET HAS BEEN | o . -
devi cesjidescrpgmchcgEn | npriove both the efficiency and accuracy of the

speci f i t=gns gcedure to which the device is dire o ntional
devi ces cIYP R8s ‘adapted-for use with the menbranes of the | nvention.
25 Sonme of the broad applications include: Vertical Filter Device One
~class of anal ﬂmﬂﬂlmlﬂ u l‘gt ains a porous menbrane that delivers a
filtrate eith underside or to a reaction site.lying 30
bel ow. Chr onogeni ¢ reagents for detect Pﬁg anal ytes can be |ncorporat ed in

et o Seo. for cxonAte, - Tremariae ofGal ToThiigh Bybile Fofi et Bibier ™

di scl osure. of V\Auhaﬂ'aboﬁthsrpsw i ncor porated by reference, where chenical
test systens ; 236|40 '
PCT/ | B95/ 00175 - { or Iy PO, ASYIMaTTic, polvmer membrane having @, first porous

triglyceri des boﬂade,choémhérpﬂrouaraﬂrface,ahnd| acparows dapportibgdstructureel | as

test stri t
i oel osed” %o notnasaieet S hauhd Bk, kA P B dTRIRRRRRENOZ. 5 Y
4,987,085 to Allen et al. afreguomobbaum‘ally isbtroplogtmomrorﬁbmthoglrd'ewrmeand

US. Patent No. 4,938 34640 PhLL LI RS larfak of th GhickRSe Sothe s RBLAIS

structure,
26. A method for preparing a polymer membrane having a relatlvely

10 large skin pore size, a substa_ntlally asymmetric structure, and an enhanced

flow rate, comprising: |
| preparing ‘a metastable casting dispersion comprjsing a
polymer-rich phase and a_'pol_ymer-po_or phase at a selected casting
temperature; ; ‘ o
15 _ ~ casting the dispersion into-a thln Iayer at the castmg
| temperature;
contacting the cast layer with a pore forming atmosphere for
a period time sufficient to form surface _pores greater than 1.2
microns; _

20 . . quenching the cast layer with a non-solvent quench liquid in
which the solvent is miscible and in which the polymer is substantially
insoluble to precipitate the polymer as an integral membrane; and

recovering the membrane from the quench liquid.
27. Amethod for preparing a polymer membrane having a relatively

25 large skin pore size, a substantially asymmetric structure, and an enhanced

flow rate, comprising: '
preparing a homogeneous casting solution comprising a
polymer, a oolv_ent for the polymer, and a non-solvent for the polymer

at a casting temperature;

30 o casting the dispersion into a thin layer at the castino
teinperature;_: _ :
/
eet Has Been Reﬁaced |
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TH\S SHEET HAS BEEN ' '
i MprpeeeadCEP wi t hllanal yt e- specific reagents to simul t aneousl y separ ate a
ate froma whole blood sanple applied to the upper surface of.

t he menbrwo®sasedot o generate a col ored reacti on product WACTIBISHM’Eates the -
10° concentration of the analyte. The di'sclosures of such patents are -
i ncorporated by reference herein. The menbranes m possess

t he necessary inherent properties required for ' p$ ll mmmmm”ﬂl ctions of
the chemistry systemas to physical clegacteristics, ccheni'tal® i'fiertness,

and optical properties. 15 Lateral Wckina Device Lateral w cking devices
oper at e based on the capicontacting the caatdamngwthawer&foemmn‘atmasnwsrfal such
as a nmenbrane. See, o ub et al .
whi ch di scl oses a dlafagégg{qmd%\l/’ffglég E&H‘t smawﬁ% él ca qh%ntl ation
havi ng a porous car migronspangd i al to Whl ch antibodi,es are coval ently bound,

t he di scl osure of which i r of

such devi ces depend on tﬁ% capﬁqP%;?/gs\?ch%ﬁ’gmsge&g'cﬁve-sgg%f{‘%ﬂn“g&r]ggs t he
anti body o8 react antwhichthedsoivembisanisciblerandimwhich the patyenenis substapkialiy speed,
superior handling, gnpgd NaTely’ of the

menbr anes of the |nventh‘|ribg%&gg%ci£§§§rtc?ﬁlm$°f é%gh{dggarlr@#égﬂg@gﬁrate r eadi ng
t han devices currently avmovannmthmmen@rmfrommmwmhﬂmtsh wehereimthe ce

membrane has substantlal asymmetry through at least fifty percent of

 the membrane. - _
10 28. An rntegrallysklnned asymmetncpolysulfone membrane,havmg ‘
- " asurface pore mean diameter of at least about 1.2 microns, prepared by the
“method of Claim 26 or 27. S |
29, Ina process to prepare an mtegrally skinned hrghly asymmetric
polymer membrane, the |mprovement comprrsrng
15 contactmg the cast layer with a gaseous atmosphere with a
pore forming atmosphere for a penod time sufficient to form surface
pores greater than 1.2 microns. - ’
_ '30. Animproved dlanostrc device comprising a filtering means th‘at
delivers a filtrate that is st_rbsta'ntially particle fre_e containing an analyte to an
20 analyte-detecting region of the devics, the improvement comprising:

a filtering means co’mp’riéing the polymer membrane according
to any one of Claims 1 through 25 having surface pores of a mean
diameter of from greater than about 1.2 microns and having a flow

. rate of greater than about 4.5 cm/min/psi. |
25 31. An improved diagnostic device comprising a lateral wicking
means that transfers a sample tﬁat is substantielly particle free containing an
analyte from a sample receiving region of the devrce to an analyte-detecting
region of the device, the rmprovement compnsmg.

a lateral wicking means compnsrng the polymer membrane

30 -according to any one of Claims 1 through _25 ‘having surface pores o_f-
| a mean diameter of from about 1.2 miCrens and having a lateral
transfer rate of greater than about 2 cm per minpte.

heet Has Been Reﬁaced
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30 '\él t/i ces are disclosed generally in U S. Patent No.
4,125 the disclosure of which is incorporated b

r ef erence. WOH#2¥d0br anes of the invention, have superior p&'ﬂ@%’?"l voi d

-

vol ume to nmany—of —theé conventionally. preferred absorptive nmaterials

ggﬂisgg;jooﬂ\é\ﬁﬂﬁ mﬁm\“\w\m due to their highly asymetric structure.

Therefore, the 1er ames* of S t He i nventi3®n-are well...suited for substitution
into such devices. Using the menbrane-nodified device of the invention and
sui tabl e reagents kncim t & filERSMBits gpMPHSing the pelymet membrang efanycanesst o
vari ety of subst@giras-g8n 5 be carried out wwth greater sensitivity than
is currently possible in the art. OQther Devices Simlarly, occult blood
testing devices and a variety of _other biosensars can also be suitably

THIS SRH ET&%,%%%E

nodi fied to include the nenbranes of the invention:as 10 wll be '
appreci ated by those of skill i n ThisSheet Has Been Reglaeet pect ed t hat such nodifi ed
devices will performas well as, if ) han, current state of the
art devices, sensors, and the |ike stens 15 : The -

pol yneric menbranes of the invention can also be advant ageously

SUBSTITUTE SHEET (RULE 26)



substituted for mcroporous filters used in continuous |amnar flow systens
for separation of plasma from whole bl ood. A systemof thi i

di scl osed WR9¥R3640 pat ent No. 4,21 2, 742to Sol onon et al . V\%@?p@lﬁereby

i ncorporated by reference. The nmenbranes of the invention, have the ability
toretainred 20 - blood cells in theiX2 | arger pores and, therefore,
appear to increase the separation efficiency of such |am nar flow systens.
Simlarly, the nmenbranes of the invention can be used in a variety of other
applications. A highly preferred enbodi mrent of the invention, for exanple,
Is a menbrane used for filtering the yeasts from beers and w nes. 25
Because of the unique structural aspects of the nenbranes, yeast cells tend

to be collected in the pores, but the t is retained | wstantially an
intact formwi tho ~~~‘£f,w : EESRESEoREy of the
flavor of the beer £7 5 pnes of the

cations. In
Bl i cati ons
ARA- FI NE[ err ]
E[err]

I nvention may be pH
this regard, the nmg
currently served bi§
filter cartridges, @&
products that are
PCT/ | B95/ 00175

FIGURE 1b



- 25 - EXAMPLE 1 PREPARATI ON OF LARGE PORE ASYMVETRI C POLYSULFONE MEMBRANE
USI NG STANDARD WRASI DLO BTS-45 (0.2 uM FORMULATI ON 5 ,s%mgmrane
of the i nv¥A9R¥$4havi ng | arge di anmeter skin surface pores B\glgmgrepar ed as
descri bed below. In general, the nmenbrane was prepared froma standard

W asi dl o pol ysul fone fornulation that pgipsed to prepare highly asymmetric
menbr anes having a bubbl e point of 45 psid. The casting technique to
prepare the nenbranes of the invention was simlar. However, 10 the air
gap was increased and the relative humdity of the cast was nonitored. The
formul ation was as follows: Fornulation: D nethyl fornmam de (DM, solvent)
73. 72% tertiary-anyl al cohol 1 5.56% 15

Pol ysul f one ( AMOCO P3500) 10. 75% Casti ng | ndex

. 173 The formul ati on was cast in an automatic casting nachi ne (conventi onal
di agnostic grade)._The fornul ation was spread using a spreading knife onto
pol yet hyl ene coat ed paper under"'t he foll gvxﬁ né*condi tTons: - 20 ;«'i

Casti ng Conditi onsi G T Jeperls NG Rl R N a5 F (41

[err] Q) =

T

ey ALY ;‘; 374"
Jac SRR
AR o P BN
St hetr

-Eaare S CoL2

Sovrm I23901

FIGURE 1c



Quench wat er tenperature 118 [err]F (47.7 [err]C) Air gap

6 in Casting speed 20 ft/m
Room t enp&YQP3i43640 77[err] F(25[err]r}6; pos/oon7s
Rel ative humdity 59% Fol | owi ng drying of the
resul tant nenbrane, the menbrane was I¥f&cbvered. The recovered nmenbrane had
the followi ng properties: Properties: 30 Bubbl e poi nt
8-psid Water flow rate 19.9 cm (mn x psi) Mean flow
pore size 0.9 [err] m Thi ckness

A /}

121 pm Breaking strength
El ongati on R
EXAMPLE 1 PREPARA]
STANDARD WRASI DLORE

R 3640 - 25 -
B#BRANE US| NG

FIGURE 2b



FORMULATI ON 5 A nmenbrane of the invention having | arge di aneter
skin surface pores was prepared as described below. In genlgé,@#n%/f’ags
menbr ane V9O 9PpR¥AUred from a standard Wasidl o pol ysul f one il atT on t hat
is used to prepare highly asymretric nenbranes having a bubble point of 45
psid. The casting technique to prepara/the nmenbranes of the invention was

simlar. However, 10 the air gap was increased and the relative humdity
of the cast was nonitored. The fornul ation was as follows: Fornul ation:

D net hyl formam de (DWVF, sol vent) 73.72%tertiary-amyl al cohol
15.56% 15 Pol ysul f one ( AMOCO P3500)

10. 75% Casti ng | ndex . 173 The fornul ati on

was cast in an automatic casting nmachine (conventional diagnostic grade).
The formnul ati on was spread using a spreadi ng knife onto pol yet hyl ene coated
paper under the follow ng conditions: 20 Casting Conditions:

Casti ng dope tenperature 105 F (41 © Quench water

t enperature i 2 Ay
6 in Casting sp
Room t enper at urgs

FIGURE 2¢



Rel ative humdity 59% Fol | owi ng drying of the
resul tant nenbrane, the nenbrane was recovered. The recov ne had
the fol | oWR§P¥berties: Properties: 30 Eﬁﬁg poi nt

8-psid Water flowrate 19.9 cm mn-psid Mean fl ow pore
si ze 0.9 [err§m2rhi ckness

121 [err] m Breaking strength 454 g/ cm 35

El ongati on 27% WO 95/ 23640

PCT/ 1 B95/ 00175 - 26 - The casting dope, as indicated by the index, was
stabl e. The resultant nenbrane had a unlforn1 defect free surface

appear ance. Thgu - g e typical' of
¥pi cal BTS-45

P point with
brei n as Sanpl e

product, the
hi ghly i nprove
A. EXAMPLE 2

FIGURE 3b



PREPARATI ON OF MEMBRANES OF THE | NVENTI ON HAVI NG DI VERSE BUBBLE PO NTS 10
Two additional nenbranes were prepared in accordance W th Jeapgs@17% The
air gap W0 B3 ¥ased slightly, down to 5.5 inches and 5 inches,
respectively, and two nenbranes having different bubble points were
obt ai ned. The nenbrane prepared with& X2 5 inch air gap had a bubbl e point
of 11 psid (Sanple B), while the nenbrane prepared with the 5 inch air gap
15 had a bubble point of 16 psid (Sanple C). Qther than the difference
i n bubble point, the Sanple B and Sanple C nenbranes had simlar properties
to the Sanple A nmenbrane prepared in Exanple 1. EXAMPLE 3 20

SCANNI NG ELECTRON M CROSCOPY OF THE MEMBRANES PREPARED | N EXAMPLES 1 AND 2
Scanni ng el ectron m crographs were prepared fromthe nenbranes synthesized
in Exanple 1 and 2. Generally, mcrographs of the skin surface, the casting
surface, and the cross section of the nenbranes were taken. The 25

sanpl es were cut and sputtered with gold using conventional techniques. The
m crographs were prepared on a JEOL Mbdel No. 5200 Scanning El ectron

M croscope equi pped with a Polaroid Canera. The results of the mcrographs
are shown in Figures 1 through 3. Figure 1 a shows a skin surface

m crograph taken at 5,000 X of the

o ey
. ‘.

. - As. o
o .. .:I‘ . .}
R )

FIGURE 3¢ -



30 menbrane of Sanple A, which had a bubble point of 8 psid. Figure 1 b
Is a cast surface m crograph taken at 1,500 X, and Fi gure pcErBes/oet7s

cross- sect WO cr ogr aph taken at 500 X of the same menbrane. WO

95/ 23640 PCT/ | B95/ 00175 - 27 -
Fi gure 2a shows a skin surface mcrographdtaken at 5,000 X of the menmbrane
of Sanple B, which had a bubble point of 8 psid. Figure 2b is a cast
surface m crograph taken at 1,500 X, and Figure 2c is a cross-sectional

m crograph taken at 500 X of the sane nenbrane. 5 Fi gure 3a shows
a skin surface mcrograph taken at 5,000 X of the nenbrane of Sanmple C

whi ch had a bubble point of 8 psid. Figure 3b is a cast surface m crograph
taken at 1,500 X, Jieueli OUrR ' - Cfai ON :‘.'crohtaken at
500 X of the sane MENEEREN e NPT eachggl tEEErqQss- secti onal
vi ews, the nenbrands *§ . P i opi c i of in the area
bel ow and i ncl udi ng t f§ r egile pears to
extend through gregter t st ot @ S s: and per haps
as much as a third jof t high opt c region,

t he menbranes have Beasynil

<5

FIGURE 4b



15 The degree of asymmetry of the nenbranes is nost clearly seen
t hr ough Iogﬁ)g@x’g{) the surface m crographs, where the pore pdrafgs@i7st he
surfaces c erved. In Sanple A Figures 1 a and 1 b, on average, the
pore sizes are approximately 3 [err]mon the skin surface and 20 pmon the
cast surface. Sanple B, in Figures 2a &1d22b, on average, the pore sizes
are 20 approxinately 2.5 pmon the skin surface and 15 [err]mon the
cast surface. And, in Sanple C, Figures 3a and 3b, on average, the pore
sizes are approximately 2 [err]mon the skin surface and 12 [err] mon the
cast surface. In each case, the degree of asymetry is approxi mtely 1:6.
Recal |, however, that this degree of asymetry occurs in the |ast
two-thirds to three-quarters 25 of the thickness of the nmenbrane, so
the pore ratio is not as great as if it had progressively spread through
the total thickness of the menbrane. EXAMPLE 4 PREPARATI ON OF ZEPF- TYPE
MEMBRANES HAVI NG DI VERSE BUBBLE PO NTS 30 In addition to the above
formul ati ons, two conventional Zepf-type nenbranes were prepared. The
menbranes were prepared in accordance with the Zepf patent, Exanple 2, with
an air gap of less than one inch. The WD 95/ 23640

PCT/ | B95/ 00175

T .n . _o
. ,m'}(‘

& +

~ g

;{; ﬁ,.(-? 23 %f""'i"

.' ) .y ' (~fr-j ‘k
‘ # o " ‘ A. , ... 3
v ‘»» B

FIGURE 4c



- 28 - resultant nenbranes had bubble points of 25 and 65 psi d
respectively, and are referred to herein as Sanple D and ,g:" ?EMS of
t he menbr aW@PSB¥dhed cl assical Zepf nenbrane structure. F| gures hr ough
5c are SEM s showi ng the skin surface, the cast surface, and the
cross-section of the Sanple E nenbrane,/1@hi ch has a bubbl e poi nt of 65
psid. In Figure 5a, which is the skin surface m crograph of the Sanmple E
menbrane, the pores are clearly snmaller than 1 [err]m and, on average, are
0.3 [err]min nean dianmeter. In the cross-sectional view, Figure 5c, the
conpl ete asymetry of t he rrenbrane S seen. The pore 5| zes gradually

i ncrease from 1R . , - ‘ BRENNhe porosity of

t he cast surfad es on the cast
surface, on avgs B 5 PORE Sl ZES
BASED ON SEM Al &' | ous nenbr anes
pr epared above,} Nt itative
determ nation g s presented in
the foll ow ng 5 Skin Surface
Cast Surface A 20 [err]m

FIGURE 5b



B 2a and 2b 2.5[errr]m 15pm C 3a and

3b 2 12[errfm2 5 E pCT/IBOS®0185d 5b
0.3 [err]ﬁwo EXAMPLE 6 COULTER DATA The structures of several of the
menbranes in the Exanples were 30 characterized using a Coul ter

poroneter, Mddel No. 0204. The resul 19/dRe shown in the follow ng Table.
WD 95/ 23640
PCT/ " B95/ 00175 - 29 - TABLE Il Characteristic Sanple A Sanple B* Sanple

C Sample D¥ Sanmpl e E* Bubbl e Poi nt 8 11 16

25 65 5 (psid) Thickness 124. 67 127. 7 118
138. 3 134.3 ([err]m Weight (np) 16.7 17.2 16. 03

16. 07 19. 4 Dead Vol une 0. 0505 0. 0516 0. 0476 0. 0579
0. 0533 10 (cc)

FIGURE 5¢



Per cent 79.2494 . 79.1271 78. 9515 82. 0057 77.6295 Porosity

M ni num Pq ..8433 0. 7687 0. 8030 0. 3763 Bo1s ze 15
: P 7001 .
Maxi mum &/895/2%4%027 1.0423  1.1885 0. 5303 %’%}igo Pore Size
Mean Pore 0. 9970 0. 8447 0. 9450 0. 4443 0. 2040 Size
Di ffusive 3.55 x 107 6.08 x [err]11B127 x [err] 5.14 x [err] 6. 66 X
[err] 20 Nunmber of Pores at MPFS Maxi mum 4.05 x [err] 8.11 x
[err] 3.69 x [err] 5.18 x [err] 6.74 x [err] Diffusive 25 Nunber
of Pores Total Number 1.58x[err] 1.87x[err] 1.45x [err] 2.72x[err]
4.25x[err] of Pores Diffusive Flow 2.3013 3.2293 2. 3883 1.9323
2.1237 3 0 at MPES Maxi mum 2 3550 3 5923 2.3997
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Based on the average calculated fromthree sanples 35 WO 95/ 23640
PCT/1B95/ Q0175 - 30 - EXAMPLE 7 COWPARI SON OF COULTER DATAdfapsdéhid CAL
DATA A st M‘R?ﬂb"‘éﬂtructural feature or phenonmenon of the nenbranes of the
invention is that the Coulter data differs markedly fromthe actual
physical 5 structure of the nmenbrane2/a2 determ ned enpirically from
SEM s of the nenbranes. For exanple, in the follow ng Table, the m nimum
maxi nrum and nean pore sizes as determ ned by Coulter are contrasted to

measurenents fromthe SEMs of the nenbranes. TABLE |11 10 BUBBLE
COULTER EMPI RI CAL PO NT DATA Ski n
Pore Size V. Open Pore Size M ninmm Maxi mum  Mean
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Sanple A 8 psid 0.8443 1.2027 0.9970 3/20 Sanple B || 11 paid :
0.7677  1.0423  0.8447 2.5/ 15 Sample C 16 psid  0.8030 | CatdB8 i SEP 1997,
0. 9450 2/ 12 As will be observed, in Coulter analysis, the ne =S '
appear to have simlar pore sizes. Yet, enpirically the menbr anes have very

di ff er ent5 sustrugiuee is eehiayed progressing to theccastrsatfimer(Le. AUr10pe). Actdreingip the Eyh and

1 UM PO omiheGRes a8 B IufHR Ut Y QM S o T ARBARR TR 8y 7, 1

SEM cross 20 . sectional v
vi ew of the ¥fjvRrsjonaad asymmstny peogiassingiinieeandsolyeric stictute. ke patent exprésaly t he

R)/E i/g rRXﬁI Cé SO Ir: ﬂﬁdhﬂﬁlhahﬁhhﬁé?a@ﬁiﬂ%y shotfy\ielusedin SRleF 6@&]&@@%%@%{ At ory

casting of ;FQ?? '%ﬁ?ﬁ &n'ost - 22 JTutherotanpears o shgrte Ediyperpbxgrss sregeneraly) . 19%
2- met hoxifet herepsred withdormiRAdtiorss haeing yaldticatytiigh d&osme&l g@g.-xan;rrﬁ rrﬁteu;;%lgmﬁw th a
(1 enper ot ur ST ERGREA SIS Gl Jorph e BRhariiEBt 8 P i n
wat er (45 C)Rolymmees ascnes-splyeniaSee EsempleR.@age 1 Exerapie3,pagé1® 1 2-psi d bubbl e
poi nt when subj ecg@fheti@pdlynie? HRibranes RRTNER o5 Righly retéttive, highly permeable filters
in many testing applications in the food and beverage industry, and in medical laboratories.
15  Many of these operations would be more cost effective and more commercially attractive if the
filtration range of the membranes could be extended over the existing Wrasidlo and Zepf-type
membranes.

SUMMARY OF THE INVENTION

20 According to the invention, there is provided an integral microporous polymer
membrane comprising a first surface, a second surface, and a porous supporting structure
therebetween, wherein the first surface comprises a relatively open pore structure and the
second surface comprises a more open pore structure and wherein the supporting structure
comprises an isotropic region adjacent the skin, the isotropic region having substantially

25  constant pore size, the porous suppoi't further comprising an asymmetric region adjacent the
isotropic region, the asymmetric region. possessing a high degree of asymmetry and extending
through at least 50% of the supporting structure but no more than 80% of the supporting
structure.

30 According to another aspect of the invention, there is provided an integral
microporous polymer membrane comprising a first porous surface, a second porous surface,
and a porous supporting structure having a thickness therebetween, wherein the supporting
structure has a generally isotropic structure of substant-ially constant pore size from the first
surface to a point at about one-quarter of the thickness of the supporting structure and a

35 generally asymmetric structure of gradually lncreaslng pore sizes from the point to the second
surface.

According to a further aspect of the invention, there is provided an integral
microporous polymer membrane comprising a first porohs surface, a second porous surface,
40 anda suppdﬁing structure having a thickness therebetween, the supporting structure defining
porous flow channels between the first and second surface, wherein the flow chénnels have a
. substantially constant mean diameter from the first surface to a point at about one-quarter of
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31 - 22[err] C and 60%relative humditys The casting operatlol Da@&s:..Ca r§%d1997
out using conventional diagnostic grade casting equipnment wt h'——d-——p?—d-b-t-i—s——-—-———
tent around the unit to increase the humdity. EXAMPLE 9 5

SCANNI NGs EL HeTRtidedd sERE@IGHPOtinglstridtiire brhdBitadikallincréading rhédnNdidntaiér RBERWERED | N
EXAMPLE 7 Scanni mcrographs were prepared fromthe nenbrane of

t he inventi%anphg%s%@gtﬁp'g%ar ed in Exanple 7. As nentioned, this nenbrane

had a bubbl e point of 12 psid. The SEMs were run in accordance with 10

Exampl e 3. The r e3udrdifg @ eltmm%%p%c%fﬁ'neﬁm%n tRerb isHiiévidel anfitegtdl | | be

appreci ated, .the rrenbrane has an gen ski n, surface cﬁore structure (Figure
4a). Al so, (MEOROLLE Palymerpembrane sultahie fof isolating & liguid Tackonfrom & syRBREYMat | ng
subst antipal comprizingt ry (Figure 4b) On cross-section, the nmenbrane is

oL, L0, L1 ikl S 4 MR ARG i LA Sl 1

PREPARATI ONalbef tmm oftheBIRiNER: dFmates gredteEian @DOlFRZMlQFm\lECIJS

,L REPLACEMENT SHEET

FORMULATI ONS  Severgbpd rééi&'f St'tle :Péiﬁﬂ?&%ﬁﬁb%et@ééﬂﬁ@%fkm%éﬁe% tHeRrentiirire aR4 epar ed
and 20 cast into shee nbranes accor di n%to the procedure set forth in
Exanpl e an opposite face of the membrane, the support region being separated into a firstand a

15  second zone, the first zone lying adjacent to the skin having a generally isotropic structure of
substantially constant pore siie and the second zone lying adjacent.to the first zone having an
asymmetric structure, the asymmetric structure having gradually increasing pore sizes in a
direction from the first zone to the opposite face of the membrane.

20 The polymer may be a polysulfone.
The membrane may have a bubble point of from about 0.5 psid to about 25 psid.

The bubble point may be from about 5 psid to about 15 psid.'
25
The membrane may have a mean aqueous flow rate of from about 4.5 to 25 cm/{(min x
psi).

The membrane may have a bubble point not greater than about 25 psid.
30
According to another aspect of the invention, there is provided a filter unit, comprising
the polymer membrane of the invention mentioned herein.

In another aspect of the invention, there is provided an integral microporous
35 asymmetric polymer membrane having a first porous surface, a second porous surface, and a
porous supporting structure therebetween and having a thickness, comprising:

a region of generally isotropic structure from the first surface to a point at about one-
quarter of the thickness of the supporting structure, the isotropic structure having substantially
constant pore size.

40 )
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2: Ex;ﬁosure to humd air was varied as described in Annex |. g&P 997
Bl OLOG CAL USES OF THE MEMBRANES OF THE ¢ NVENTI ON 1. Lat er{alpavd c;k](' A ...........

open- pore nenbrane prepared froma phase 25 [ SFOH

formul ation: A quantity of 60 [err]l of sheep whole blood was applied to
t he opensdul | si thea fofthet aspeét af thestventiom, théredssyyrovideidra diagnestib deviee unfnpﬁbTr&a ange

of 11 O TSy 2bnd BT St iaiie e n AR RSB R BB 6P o

as descri be a readli ng was en o |red for
t he pl asma smanalvtq!-#%mms@gwea&meae\efethmpsmee from the point of

application for Gﬁ@?tnﬁﬁﬁ'@ﬁ%ﬁ\pnﬁﬁ&ﬁe yrﬁérsnémba:{e/a}a e G0MImYN0, the) sanpl es
wer e |nvest|T% ults ar 640

PCT/ | BO5/ 00 @E'aneEav'ngﬁuﬁacin&feéﬂa}hemwwngumegfi%??ﬁ?w@»a%ﬁter@éa*['%ﬁst Foput ¢
sheep whol e 1)2intierens/amd hayipg & Belv tate of gieater thass Bbokit 4.6 pm@mina P8i;:9n8 nenbr ane

prepared by the yebhgd ok i ot aroiSaRb NI i SAboliadubicaye! | ed 2

di stance of 25nmm y conparison, eral w cking on
ti ght pore nmenbranes was 5 25mmin 180 sec.

In a yet further aspect of the invention, there is provided a diagnostic device

comprising a lateral wicking means that transfers a sample that is substantially particle free
15  containing an analyte from a sample receiving region of the device to an analyte-detecting
region of the device, comprising:

a lateral wicking means comprising the polymer membrane of any one of claims 1-9,
the membrane having surface pores at the minimum surface of a mean diameter of at least
about 1.2 microns and having a lateral transfer rate of greater than about 2 cm per minute;

20 and
a sample application area that directs sample first to the opposite surface.

According to the invention, there is provided a method for preparing a polymer
membrane having a first and second surface and having a relatively large pore size in the first
25  surface, a substantially asymmetric structure, and an enhanced flow rate, comprising:
preparing an unstable casting dispersion comprising a polymer-rich phase and a
polymer-poor phase at a selected casting temperature;
casting the dispersion into a thin layer at the casting temperature;
contacting the cast layer with a pore forming atmosphere for a period of time |
30 sufficient to form surface pores greater than 1.2 microns;

quenching the cast layer with a non-solvent quench liquid in which the solvent is
miscible and in which the polymer is substantially insoluble to precipitate the polymer as an
integral membrane; and
35 recovering the membrane from the quench liquid, wherein the membrane has
substantial asymmetry through at least fifty percent of the membrane.

In another aspect of the invention, there is provided a method for preparing a polymer
membrane having a first and second surface and having a relatively large pore size in the first
40  surface, a sﬁbstantially asymmetric structure, and an enhanced flow rate, comprising:
preparing a homogeneous casting solution comprising a polymer, a solvent for the
polymer, and a non-solvent for the polymer at a selected casting temperature;



B. Verti cal Separation: A quantity of 25 [err]1 of sheep M’; PBA%%IHEW;E?HEET
applied to the dull side of the nenbraneras described in (a) ih }ﬁl ng & SEP 1997
surface area of 1[err]. The weight of plasma drawn of f the tijighL NSV P T e

absorbed into filter paper was approximately 10ng. 10 C.
Prot ei n Bi ndi ng: castiog thedisgersion imtaathindayer atehescastingdeniperatireee f ol | ow ng enzynes

according L0 N oShEARE wHCA B oS Mitkinien BB Censibd h Yufisa 2t A

= 562nm Sensitivity o protéein on t ranes
could be reéfdhﬁﬁs‘*f@c%wﬁ@’ﬁ?‘?”h@1Zm'CRE‘P-cP"Bhosphat ase at concentrations of

100-500 [err]g/ @henkﬁmg the%agm,dr w.mdntswemhuaﬁwdmd.@wﬂ.ﬁf’/ma@m%msl on to the
menbr ane when filtered thti-l material s prepared

o i oat edmIRe ST VR S RSt Sl iecitalt o Brigherds o 55 5
2. I\/al1ateudedngldfea@eamase at concentrations of 100-500 [err]g/m showed

hrough a a7 a S elpo e RS dofind G pF il WG i Rfhblne el Efeon®
Exanpl es 1- #f substentiehagygimelny threugh gtisast fiffyiperagnicpé thgfmembrang, and wherein theict at e

Dehydr ogen a%nﬁarﬁ%@ﬂﬁésaatduﬁﬂ%tiﬁﬁy iddi8pie Rigioh @ktedding TonPthe WasukBssSto tHaan or
equal to 10% adsor&tlon to the nmenbrane when filtered through a 47mm di sk

of the filtPOioRAf splstgntial S?W@d as indicated in Exanples 25 1-4 at
0- 10 psitsand across a pH range of 4.5-9.5. EQUI VALENTS Wil e the invention

has been descri bel‘lj]elier?s él?or H’gviégd, gc%[,}dﬁ,b to E l%(lgl"lrtlgl’?, gn integral asymmetric polysulfone
membrane having a first and second surface, having a first surface pore mean diameter
greater than 1.2 microns and having a substantially asymmetric structure through at least fifty
percent of the membrane, prepared by either of the methods mentioned immediately above.

20
The membrane may possess a substantially isotropic structure extending from the
first surface to a point between the first surface and the second surface and through at least
twenty percent of the membrane.
25 The membrane recovered in the recovering step may possess a substantially isotropic

structure extending from the first surface fo a point between the first surface and the second
surface and through at least twenty percent of the membrane.

According to a further aspect of the invention, there is provided a process to prepare
30  anintegral highly asymmetric polymer membrane having a first and second surface,
comprising:
contacting the cast layer with a gaseous atmosphere with a pore forming atmosphere
for a period of time sufficient to form surface pores greater than 1.2 microns in the first
surface, a substantially asymmetric structure extending through at least fifty percent of the
35 membrane, and a substantially isotropic structure extending from the first surface to the
substantially asymmetric structure.

The cast layer may be contacted with the pore forming atmosphere for a period of
time sufficient to form a substantially isotropic structure extending from the first surface to a
40  point betweén the first surface and the second surface and through at least twenty percent of
the membrane.
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fal
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enbodi nentsand with reference to certain specific Exanples
invention is not limted thereby. Accordizggly, no natter ho
30 foregoi ng nay appear in text, the scope of the inventi

construed only with reference to the appended cl ai nr8 and any equi val ents
thereof. 5 WD 95/ 23640 _

PCT/1 B95/ 00175 -33- [err] pridEAEdeRibHANY An integral

m croporous pol ynmer nenbrane conprising a 1 ace, a second surface,
and a porous supporting structure therebetween, wherein the first surface

conprises 10  a Figiral isePdeyleOsreBarimgRlceirdrificlabdpa MbgbdI6F anpesbred!! f ace
co_rrprises a nore o e str pOI’tIn structure

en_po cture and wherein the su
conpri ses an ToyET o%?%a??dé'a el %ﬂ?ea‘ﬁ'gﬁﬁe 'Pﬁeé't'%'kf?"ﬁ',‘ a Pﬂ@”ﬁ@@t@@ﬁ‘?"c&?p@bﬁ'%n
havi ng slfbhst Q¥rasidio-type)tnat basam bubbterpeing of Apsid Figurp da Blssskiuspavetvieiwof tHee r
conmpri sing %emmgbﬂe%ﬁs%&é%{‘ lﬁﬂﬁé\g&%f thd' h&gﬁéﬁ;ﬁ@{n‘é 1o 5 QBss delfonal
asymmetric region possessing a P gh” degree oF asy ry and ext endl ng
t hrough at |dieysef thgywgmbrane supporting structure but no 15 nore t han 80%
of the supporting structure.

Figure 2 is a series of scanning electron microscope images of an open pored
15  membrane prepared in accordance with the invention from a polysulfone polymer dispersion
(Wrasidlo-type) that has a bubble point of 11 psid. Figure 2a is a skin surface view of the
membrane. Figure 2b is a cast surface view of the membrane. Figure 2¢ is a cross-sectional
view.of the membrane.

20 Figure 3 is a series of scanning electron microscope images of an open
pored membrane prepared in accordance.with the invention from a polysulfone polymer
dispersion (Wrasidlo-type) that has a bubble point of 16 psid. Figure 3a is a skin surface view
of the membrane. Figure 3b is a cast

25



2. An integral mcroporous polyner nenbrane conprising a fi ’SF&EPBQPEMENTSHEET

surface, a second porous surface, and a porous supporting structure '
a thickness therebetween, 20 wherein the supporting structur bﬁ{&---g%@gml -----

generally isotropic structure of substantially constant pore size fromthe
first surface to a point at about one-quarter of the thickness of the

supporti ngwQ 9ums64or e and a generally asymetric structure oPCHIRISQBA7EY

i ncreasing pore sizes fromthe point to the second surface. 25 3. An

i ntegral m croporous polynmer nmenbrane conprising a first porous surface, a
second porous surface, and a supporting structure having a thickness

t her ebet ween, the supporting structure defining porous flow channels

between the first and second surf ace, whéfern the fIOW/channeIs have a

substantially co sian g rst rf to a point
at about one-quar . ?’nr rgﬁeho {55iglo e Form '° ture and a
gradual |y increasi ng niminitifl attetngt wasomadette ppomiuce a rentirenskeavimgimews épse. 4.
An integral mcropg S | d
racti on rom 35 Pores YaoRfe Sl AR b Bnd - 20F e Bhbaiotne B

| yi ng at one facepatent by mexifiyéngethenipbass nnwssnaﬁotmallatnyn addcom‘ing hte r.iures

of the skin pave di er h 1 G ; 0, t
region of th mer’r%'F%Ee 'Tey*?’r'{ggﬁaﬁ ﬁw{eegtrr]y g%eﬁgﬁﬁélt%ea@éé—%@-q%ﬁé %?gl?rg?%r?g QR {
opposite face of ishiacreasingahe optital dengiposfithe egstong fbehmigtiwepﬁdmrealsmgltrm a

st and @ a0 BOrcaRaferahlif ahd InbteskMSnd ¥bABNAM B6fANL L0l Waild!
avi-ng a generall sotropic structure constant’ pore size
and_the second zomerdaginggthedquaneht temperaturesi r The z:estef:lhawasgalam exposed to

humid air briefly before quenching.

10 It was expected that a casting formulation having an optical density in
' the range of 1.800 as compared to 0.600 would probably form a membrane
more open than available asymmetric membranes. Indeed, the membrane
produced was quite oben. Permeability testing showed that the membrane_

had a bubble point of 4 psid, water flow rate of 17.7 cm/(min x psi), and a mean

15 flow pore size of 2.0 ym.

A more highly preferred membrane was formed by using a dispersed

' phase Wrasidlo type phase inversion formulation of the standard 0.2 micron

polysulfone membrane (BTS 45) type and casting at lower temperature as

- taught by Zepf, Example 2. The low casting index of 0.176 indicates a
.~ 20 relatively stable casting dispersion. The cast film was exposed briefly to

humid air before quenching. The cast membrane was comparable in quality
to tt"ne standard proquct, having a highly asymmetric substructure, but also
having a bubble point of 8 psid and a water flow rate of 19.8 cm/(min x psi).
Porometry analysis indicated a mean flow pore size of 0.9 ym rather than the
25 0.2 ym pore diameter type and 45 psid bubble point that would have been
obtained from the standard BTS-45 formulation if cast in-the usual manner.

Scanning electron microscope photographs (Figure 1) showed a highly
asymmetric structure, free of any large macrovoids.

30 Large Open Pore Membrane from a Homogenous Formulation
Example 8 demonstrates the preparation of membranes with open
surface pores and a high flow rate- by exposing a film cast from a

homogeneous solution to humid air prior to quenching it in water. When cast



36 5 asymmetric structure, the asymetric structure havingd gthﬁ%FMENTSHEET
I ncreasing pore sizes in a direction fromthe first zone to tB 1QP POy it
face of the nenbrane. 5. The nenbrane of any one of cl ai rf o

is a polysul fone.

t he pol yner

et s —

appd

kR 1997

10 6. The menbrane according to ahy one of

clainms 1-4, having a bubble point of fromabout 0.5 psid to about 25 psid.
15 7. TWweo saspsdanane of claim6, wherein the bubbl e point PeTriBIwogZOUt 5

psid to about 15 psid. 20 8.

The menbrane according to any one of

clainms 1-4 having a nmean aqueous flow rate; of fromabout 4.5 to 25 cm (mn

X psi). 9.

surface, and a p¥ftL@nimp

PeRid e

The menbrane of any one of clains 1-4, having a bubbl e point
not greater than about 25 25 psid. 10. Afilter unit,

conprising the
pol ymer nenbrane of any one of clains 1- 30 11.

An integral m croporous

asynmetric pol ynmer, nmephr a‘ge having a fjrst porous surface, a second, porous
SXROSHEF @ t

A dYaIRgenRRts SeiUUeRnAIRPrising

t hi ckness, conpr igsi NeblysulfoREi iAN726 GeNeRRland 1S MERESIVERY Yeharatesl higmy he
first surface to a point at about

10

15

25

30

asymmetric membranes, 8&62\1-"1 or tighter, with bubble points greater than 45
psid. Under the humid air exposure described in the example, membranes
having an average bubble poirit of about 12 psid, and a water flow rate of 8.4
cmlhin~psid were produced.

Example 9 describes the preparation of membranes from various
homogeneous formulations and varying times of exposure to hun;id air.
Independent of formulation, increased time of environmental exp-osure
produced membranes having larger surface pores, up to 8 microns, on the
tight side, and water flow rates up to greater than 19 cm/(min X.PSij. with.
corresponding bubble points of 3 to 4 psid. These membranes ‘were
reasonably asymmetric, having pores on the open side of over 100 microns.
See Annex L.

The initial experiments used 2-methoxyethanol as a nonsolvent;
however, polyethylene glycol (PEG 400) and polyvinylpyrrolidone (PVP
10,000) also were successfully substituted in concentrations up to 25% of
the tot.al nonsolvent concentration. It is interesting to note that PVP-10,000
also acted as a good co-solvent in this situation.

In the experiments, air temperature and humidity were measured about
twelve inches (30.48 cm.) above the casting plate. Air flow velocities, where
recorded, were measured with a Pitot tube about one inch (2.54 cm.) above
the casting plate, prior to casting. )

A good example of the effects of humidity can be seen by comparing

experiments 1 and 2 in Annex I. In the first experiment, stagnant air was

- present and in the second experiment, under otherwise comparable

conditions, the air -was moving. The bubble point in the membrane was
halved, and the water flow rate increased by a factor of 1.7. As will be
a‘ﬁhreciated, low humidity exposures result in membranes with consequent
low permeabilities and high bubble points, while higher humidity (i.e., 60%)
and blowing air, the membranes had significantly reduced bubble points (i.e.,

4-psid) and correspondingly high water flow rates {of up to 20.6 cm/(min
x psi). :



35 quarter of the thickness of the supporting structure, th ngf‘ASBMENTSHEET
structure having substantially constant pore size. 12. A di gB%%t i~C4 SEP 1997
device conprising a filtering neans that delivers a filtrate t S Y R
substantially particle free containing an analyte to an anal yte- det ecting

regi on of the device, conprising: REPLACEMENT SHEET 5

filteri ngwomanssséonpri sing the pol ymer menbrane of any onergrmsapm 1-9,

t he nenbrane havi ng surface pores at the m ninum surface of a mean di aneter

of at |least about 1.2 mcrons and having a flow rate of greater than about

4.5 cm(mn x psi); and a sanple application area that directs sanple first

to the opposite surface. 10 13. A di aﬁgostlc devi ce conprising a |lateral

wi cking nmeans that transfers a sanple t is substantially particle free
containing an analyte froma sanple reg8iApck j€9i on of the device to an

anal yt e-detecting region of the dev ce—C'O'rpr'l's ng a Iateral Wi ck| ng nmeans
conprising the pol ymPRERARATS MREQR S Y RIC POLYH j

havi ng surface pores ﬂ;kf‘éﬁﬂé G?W%érﬂ%&?@sﬁ%‘ﬁéﬁ@b% %59'§ at | east

about 1.2 mcrons an han about
2 cmper nminute; and a sanmple applicafQfMULAHOMat directs sample-first to

the opposit § sSur face. A membrane of the invention having large diameter skin surface pores

was brepared as described below. In general, the membrane was prepared
from a standard Wrasidlo polysulfone formulation that is used to prepare
highly asymmetric membranes having a bubble point of 45 psid. The casting
technique to prepare the membranes of the invention was similar. Howéver,
10 the air gap was increased and the relative humidity of the cast was
monitored. The formulation was as follows: '
Formulation:

Dimethyl formamide (DMF, solvent) 73.72%

tertiary-amyl alcohol 15.56%
15 Polysulfone (AMOCO P3500) 10.75%
Casting Index 173

The formulation was cast in an automatic casting machine (conventional
diagnostic grade). The formulation was spread using a spreading knife onto
polyethylene coated paper under the following conditions:

] 20 Casting Conditions:
N ,! Casting dope temperature 105°F(41°C)
Quench water temperature 118°F({47.7°C)
Air gap : 6 in
Casting speed 20 ft/min
25 Room temperature _ 77°F(25°C)
) Relative humidity 59%

Following drying of the resultant membrane, the membrane was

recovered. The recovered membrane had the following properties:

Properties:
30 Bubble point 8-psid
Water flow rate - 19.9 cm/(min x psi)
Mean flow pore size 0.9 ym
Thickness 121 ym
Breaking strength 454 g/cm

35 Elongation 27%
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second. surface and havi ng a rel atively I3grge pore size in th '
surface, a SUHMH mﬂmﬂﬂﬂﬂg tric structure, and an enhanc
conprising:ip bl e casting dispersion conprising a
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t emper at ur ey, l-ﬁ?ﬁ% Lﬂh}ilﬁ'ﬁ d| spersion into a thin layer at the casting
tenperature; contacting the cast layer with a pore form ng atnmosphere for a
period of time sufficient to formsurface pores greater than 1.2 m crons;

quenching the caahd QFmé%doFbu@p Wgﬂe&%m%oemsmﬁéﬂragﬁ&cémeﬂawh the

sol vent is 30 m sci bl e and ch the pol IS substantially
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r eg over nmgl bhélatmgfaﬁ@ﬂﬁ:ré §tﬂ|8&1ﬁd‘éﬁd weyel f&hfdk%l?élﬂe@ommf & mdrd dpen pereistravise has
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surface and iseonicrggian hafrgtsuivssanjially zogtand pore sige. 2k porpus isepplort Mewﬂpaslm a
substanti al laﬁ Oé’y?r)ﬁ‘i@iﬁér&b.&n Sdid ettt i ?(rtro?ﬂqjeg?dﬁ B Baamedtid rla&éﬂ‘l 6&Eé‘ssm59mh' si ng:

pr eparl ng a nogeneous casti ng so 1 on CORI’I S1 ng sol vent
for the 40 degies Sfiasymmetneeng extshdingfhrpught atfesst F@fﬁm synw-,onmatstr%f% Pecved

cast i ng 15 enpRFethal 80% 6@ARd supPortiftestdtigieer sion into a thin layer at the
casting tenperature;

2. . Anintegral microporous polymer membrane comprising a first porous surface, a
second porous surface, and a porous supporting structure having a thickness therebetween,

20 wherein the supporting structure has a generally isotropic structure of substantially constant
pore size from the first surface to a point at about one-quarter of the thickness of the
supporting structure and a generally asymmetric structure of gradually increasing pore sizes
from the point to the second surface.

25
3. An integral microporous polymer membrane comprising a first porous surface, a
second porous surface, and a supporting structure having a thickness therebetween, the
supporting structure defining porous flow channels between the first and second surface,
wherein the flow channels have a substantially constant mean diameter from the first surface
30 toapointat about one-quarter of the thickness of the supporting structure and a gradually
increasing mean diameter from the point to the second surface.

4, An integral microporous polymer membrane suitable for isolating a liquid fraction from
35 asuspension, comprising:
an integral microporous skin, lying at one face of the membrane, wherein substantially
all of the pores of the skin have diameters greater than about 1.2 microns; and
a support region of the membrane lying between the skin face of the membrane and
an opposite face of the membrane, the support region being separated into a first and a
40 second zone'; the first zone lying adjacent to the skin having a generally isotropic structure of
substantially constant pore size and the second zone lying adjacent to the first zone having an
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a period of tine sufficient to form surfagce pores greater than Dat:mi. .E&BESJSQZ...._.
and quenching the cast layer with a non-sol vent quench liquid e+
solvent is mscible and in which the polynmer is substantially insoluble to
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subst anti al 9%@%%@‘3‘%%?%‘*&%#’@?%@@%@?Wﬁ“ﬁ%@ of the nmenbrane, and
wherein the nenbrane further has a substantially isotropic region extending
fromthe first surface to the region of substantial asymetry. 15 16. An
I ntegral asymmetrjc polysul fone nenbrane having a first and second surface,
havi ng a fi Pst sJP?ﬁ‘E@béB?gfar?éaﬂeﬂfl%E‘ﬂ-@e?&l@?p‘?'ﬂﬁ?f'sl?@'W@"Sns and

havi ng aosubstantially asymetric structure through at |least fifty percent
of the menbrane, prepared by the nmethod of claim 14 or 15. 20 17. The
menbrane of claim 16, wherein the nenbrane possesses a substantially

i sotropi c stbr uct Uhe membeane aeggrdingderamhenefof clgims 4 having atkybble pojntref froret ween t he

first surfaggoap® dsldo stuPibsid)’ face and through at [east twenty percent of
the menbrane. 25

15 .
7. The membrane of claim 6, wherein the bubble point is from about 5 psid to about 15
psid.
20 8. The membrane according to any one of claims 1-4 having a mean aqueous flow rate
of from about 4.5 to 25 cm/(min x psi).
9. The membrane of any one of claims 1-4, having a bubble point not greater than about
25 25psid.
10. A filter unit, comprising the polymer membrane of any one of claims 1-4.
30

11. An integral microporous asymmetric polymer membrane having a first porous surface,
a second porous surface, and a porous supporting structure therebetween and having a
thickness, comprising:
a region of generally isotropic structure from the first surface to a point at about one-
35  quarter of the thickness of the supporting structure, the isotropic structure having substantially
constant pore size.

12. A diagnostic device comprising a filtering means that delivers a filtrate that is
40  substantially particle free containing an analyte to an analyte-detecting region of the device,
comprising: '

' * ¢ L M S =*
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18. The nethod of claim 14 or 15, wherein the nenbrane recov,g
recovering step possesses a substantiallgy isotropic structure
fromthe first surface to a point between the first surface a
surface and through at | east twenty percent of the 30 menbr ane. 19. A
process %0 pr eparafiterng méaag carhprising tHepolysigrmerhbsraree qf ahyonerof deimsrie)thehavi ng a
f! rst and S%M?@L”acﬂggurfaggpﬁéé act'tﬂymin&%m surface of a m%Qﬁ‘Biﬁ%LtkP& a{ lggst g@oﬁ | ayer
Wi th a gaseous at nosphere w a pore rormng atnosphere tor a period of

ti me suffi ciehmicrans pad havingafiigw cate of greater thanabeut #i5em/(mirpx paijcangns in the first
surface, a SUbSt%M\éé#glﬁ:%ﬁdﬂ@éa’th&dﬁ&éw%cﬁirﬁ’ﬁtﬁ@%d%gﬁééﬁﬁ@éwh at | east
fifty percent of the nenbrane, and a substantially isotropic structure
extending fromthe first surface to the substantially asymetric structure.
40 REHBLACEMENT SHEET S EP 1997 39 5 20. The process of claim19,
wherein the gast [ S ' he. f ) re for a
period of tif‘r’é Su/*ﬂX@ogﬁﬁtde?@Q orn%gﬂgéqlﬁ%s l%ﬁpgﬁegnﬁtg%? P @sg?rgtaggrﬁ@%?\ Gt &

ext endi ng f rashstantieliyf particte frog containing an anajyts from deamplanacaiving regiorsof thadevigete and

the second syyfnacR-caReidgteqotd 1l delig@ebmpidfigt Y percent of the menbrane.

a lateral wicking means comprising the polymer membrane of any one of claims 1-9,

15  the membrane having surface pores at the minimum surface of a mean diameter of at least
about 1.2 microns and having a lateral transfer rate of greater than about 2 cm per minute;
and _

a sample application area that directs sample first to the opposite surface.

20
14. A method for preparing a polymer membrane having a first and second surface and
having a relatively large pore size in the first surface, a substantially asymmetric structure, and
an enhanced flow rate, comprising:
preparing an unstable casting dispersion comprising a polymer-rich phase and a
25 polymer-poor phase at a selected casting temperature;
casting the dispersion into a thin layer at the casting temperature;
contacting the cast layer with a pore forming atmosphere for a period of time
sufficient to form surface pores greater than 1.2 microns;
quenching the cast layer with a non-solvent quench liquid in which the solvent is
30 miscible and in which the polymer is substantially insoluble to precipitate the polymer as an
integral membrane; and
recovering the membrane from the quench liquid, wherein the membrane has
substantial asymmetry through at least fifty percent of the membrane.

35
15. A method for preparing a polymer membrane having a first and second surface and
having a relatively large pore size in the first surface, a substantially asymmetric structure, and
an enhanced flow rate, comprising:
preparing a homogeneous casting solution comprising a polymer, a solvent for the
40  polymer, an('i a non-solvent for the polymer at a selected casting temperature;
casting the dispersion into a thin layer at the casting temperature;

R0 A
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5 contacting the cast layer with a pore forming atmosphere for a period of time sufficient

to form surface pores greater than 1.2 microns; and )

quenching the cast layer with a non-solvent quench liguiid in which the solvent is
miscible and in which the polymer is substantially insoluble to precipitate the polymer as an
integral membrane;

10 recovering the membrane from the guench liquid, wherein the membrane has a region
of substantial asymmetry through at least fifty percent of the membrane, and wherein the
membrane further has a substantially isotropic region extending from the first surface to the
region of substantial asymmetry.

15
16. An integral asymmetric polysulfone membrane having a first and second surface,
having a first surface poré mean diameter greater than 1.2 microns and having a substantially
asymmetric structure thrdugh at least fifty percent of the membrane, prepared by the method
of claim 14 or 15. |

20

17. The membrane of claim 16, wherein the membrane possesses a substantially
isotropic structure extending from the first surface to a point between the first surface and the
second surface and through at least twenty percent of the membrane.

25

18. The method of claim 14 or 15, wherein the membrane recovered in the recovering
step possesses a substantially isotropic structure extending from the first surface to a point

between the first surface and the second surface and through at least twenty percent of the
30 membrane.

19. A process to prepare an integral highly asymmetric polymer membrane having a first
and second surface, comprising:

35 contacting the cast layer with a gaseous atmosphere with a pore forming atmosphere
for a period of time sufficient to form surface pores greater than 1.2 microns in the first
surface, a substantially asymmetric structure extending through at least fifty percent of the
membrane, and a substantially isotropic structure extending from the first surface to the
substantially asymmetric structure.

40
—
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20. The process of claim 19, wherein the cast layer is contacted with the pore forming
atmosphere for a period of time sufficient to form a substantially isotropic structure extending
from the first surface to a point between the first surface and the second surface and through |
at least twenty percent of the membrane.

e



