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(54) Title: MICROFILTRATION MEMBRANES HAVING HIGH PORE DENSITY AND MIXED ISOTROPIC AND ANISOTROPIC

STRUCTURE

(57) Abstract

The present invention relates to
the field of synthetic polymeric mi-
crofiltration membrane materials that
are fabricated to separate liquids from
solids contained therein. One as-
pect of the invention relates to a sul-
fone polymer membrane with high
surface porosity Chigh pore density)
and distinctive asymmetry that can
separate solids (i.e., blood cells) from
a liquid (ie., plasma) without the
need for centrifugation. The mem-
brane is further rendered hydrophilic
through co-casting the sulfone poly-
mer (which is a hydrophobic poly-
mer) with a hydrophilic polymer, such
as polyvinylpyrrolidone. Because of
these properties and the fact that it re-
quires only a small amount of the solid
containing liquid (i.e., whole blood) to
be applied to the larger pore surface,
the membranes of the invention are
highly useful in testing devices for the
quick detection of or com-
ponents contained in liquid samples,
such as diagnostic applications (ie.,
the detection of physiological condi-
tions (i, pregnancy, insulin level,
stomach ulcer, and the like} and in-

. fectious diseases (i.c., AIDS, hepatitis, and the like)).




15 exanple, Wasidlo in U S Patent Nos. 4,629,563 and 4, 774,039 and
Zepf in U S Patent Nos. 5,188, 734and 5, 171, 445, the disclosures of
whi ch are her eby incorporated by reference, each disclose asynetric
or ani sotropic menbr anes and nethods for their production. Each of
the Wasidl o and Zepf patents disclose integral, highly asymetric,

m cr oporously skinned 20 menbr anes, havi ng hi gh flom/rates eﬂgg?ﬁellent
retention proper?¢%§“mqﬂt menbr anes ar e general ly prepﬁ

a nodified "phase inversion process using a netastabl e two-phase

l'i quid di spersion of polyner in soivent/nonsolvent systens which is
cast and subsequently contacted mﬁth a nonsol vent. The Zepf patent

di scd oses an i npr ovementy ﬂ % vﬂﬁg DENSITY
Phase inversion processes general Iy procee roug FLEH ?OFFOWI ng
steps .of : (i ) casting a sANDNIXED: BOTROPIC AND ANISOTRAPICST] dBEH| y hi gh

nol ecul ar wei ght polyner(s), a solvent(s), and a nonsol vent(s) into a thin
film tube, or hollow fiber, ' preci pi tating the pol yner

t hrough one or nore 30 of t he BANNEESR NLION

(a) evaporatiom of the solvent and nonsol vent (dry process);

(b) exposure to a ngnsol ent v such as water vapor, which

absorbs on the expoded s&&%%@%\et and dry- process):

The present invention relates to the field synthetic polymeric

microfiltration membrane materials. Membranes in accordance with the
invention and integral membranes that possess a mixed isotropic and

10 anisotropic structure and have a high pore density in the microporous surface
of the membranes.

2. cki f
Asymmetric or anisotropic membranes are well known in tne art. For
15 example, Wrasidio in U.S. Patent Nos. 4,629,563 and 4,774,039 and Zepf
in U.S. Patent Nos. 5,188,734 and 5,171,445, the disclosures of which are
hereby incorporated by reference, each disclose asymmetric or anisotropic
membranes and methods for their production. Each of the Wrasidlo and Zepf
patents disclose integral, highly asymmetric, microporously skinned
20 membranes, having high flow rates and excellent retention properties. The
membranes are generally prepared through a modified "phase inversion”
process using a metastable two-phase liquid dispersion of polymer in
solvent/nonsoivent systems which is cast and subsequently contacted with
a nonsolvent. The Zepf patent discloses an improvement over the Wrasidio
25 patent.
Phase inversion processes generally proceed through the following
steps of: (i) casting a solution or a mixture comprising a suitably high
molecular weight polymer(s), a solvent(s), and a nonsolvent(s) into a thin film,

. tube, or hollow fiber, and {ii} precipitating the polymer through one or more
30 of the following mechanisms:
. {a) evaporation of the solvent and nonsoivent (dry process);

(b} exposure to a nonsolvent vapor, such as water vapor, which
absorbs on the exposed surface (mixed wet and dry process);
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(c) quenching in a nonsolvent liquid, generally water (wet

process); or (d) thermally quenching a hot filmso
that the solubility of the polynmer is suddenly greatly
reduced (thermal_process). 5 Schematically, the i ' I.n
phase from a soIWf?G@ﬂzi‘o a gel proceeds as follows: PErhssadids
Sa 1 > SOL 2 > Cel

(sol ution) (di spersion) 10 - Essentially, SOL 1 is a
honogenous solution, SOL 2 is a dispersiéﬁf and the Gel is the

for mad_ polymer matrix. The exgn&uam:h:ﬁ n&rggf\te;nr il%.g{.?,r ieennerearllglviv?/ép(wgt

formati on depends on the pha Fnverst on process us
however, the triggering peecessh: or events revol ve around pol yner solubility

in 15 the SOL.In the wet iRy qﬁéach.ag'a%o@aﬁasaeﬁaﬁﬂasaeﬁ.ﬂ? o 2

nonsol vent for t he poly ers formation o

whi ch then ' pr ecuqsﬁwreﬁr&suqdenm@sﬂv rquc%ghﬁfﬂ%amﬁ;ﬁs) -and dry _
process, SCL 1lgis cast Memancany,tﬁsmseﬁnh@prﬁseﬁamwomaearpﬂmbm udi ng
a nonsol vent for theafoggz which triggers the formation of SOL 2
whi ch then "precipi#dP&¥¥sit o a Gel. In 20 the thermal process, SCL 1 is

cast and the tenperature of the cast filmis
SOL 1 > SOL 2 > Gel
{sohition) {dispersion)

10
Essentially, SOL 1 is a homogenous solution, SOL 2 is a dispersion,
and the Gel is the formed polymer matrix. The event or events that triggers
SOL 2 formation depends on the phase inversion process used. Generally,
however, the triggering event or events revolva around polymer solubility in

18 the SOL. In the wet process, SOL 1 is cast and contacted with a nonsolvent
for the polymer which triggers the formation of SOL 2 which then
"precipitates” to a Gel. In the mixed wet and dry process, SOL 1 is cast and
exposed to a gaseous atmosphere including a nonsolvent for the polymer
which triggers the formation of SOL 2 which then "precipitates” to a Gel. In |

20 the thermal process, SOL 1 is cast and the temperature of the cast film is
reduced to produce SOL 2 which then "precipitates” to a Gel, In the dry
process, SOL 1 is cast and contacted with a gaseous atmosphere {such as air}
which allows evaporation of one or more of the solvents which triggers the
formation of SOL 2 which then "precipitates” to a Gel.

25 The nonsolvent in the casting dope is not necessarily completely inert
toward the polymer, and in fact it usually is not and is often referred to as
swelling agent. In the Wrasidlo-type formulations, as discussed later,
seiection of both the type and the concentration of the nonsolvent is
important in that it is the primary factor in determining whether or not the

30 dope will exist in a phase separated condition.

In general, the nonsolvent is the primary pore forming agent, and its
cohcentration in the dope greatly influences the pore size and pore size
distribution in the final membrane. The polymer concentration also influences
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example, surfactants or release agents. -3-

Polysulfone is especiaily amenable to formation of highly asymmaetric
membranes, particularly in the two-phase Wrasidlo formulations. These are
not homogeneous solutions but consist of two separate phases one a
solvent-rich clear solution of lower molecular weight polymer at low
concentrations {e.g., 7%) and the other a polymer-rich turbid (colloidal)
solution of higher molecular weight polymer at high concentrations (e.g.,
17%). The two phases contain the samé three ingredients, that is, polymer,
solvent, and nonsolvent but in radically different concentrations and molecular
weight distributions. Most importantly, the two phases are insoluble in one
another and, if allowed to stand, will separate. Thsa mix must be maintained
as a dispersion, with constant agitation up until the time that it is cast as a
film. Essentially, in Wrasidlo type formulations, the casting dope is provided
in a SOL 2 (dispersion} condition. Thus, the dispersion serves as the starting
point for gel formation and not as the intermediate step {above), as follows:

SOL 2 > Gel
{dispersion)

This process modification was largely responsible for the higher degrees of
anisotropy and uniform consistency of the Wrasidlo Membranes as compared
to the prior art.

It is the nonsolvent 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 of a surfactant, perhaps creating
a critical micelle concentration by aligning some of the larger polymer
molecules into aggregates, or cofloids, which are then dispersed in the
remaining non-colloidal solution. The two phases will separate from one
another if allowed to stand, but each individual phase by itself is quite stable.

. i the temperature of the mix is changed, phase transfer occurs. Heating



pore size, but not as significantly as does the nonsolvent. It does,

however, affect the strength and porosity (void volunme). In addition
to the major conponents in the casting solution (dope), there can be
m nor ingredients, for exanpl e, surfactants or rel ease agents. 5

Pol ysul fone is especially amenable to formation of highly asymretric
menbr anes, particul arl i i n the two-phase Wasidlo formul ati Ongﬁ"é’l—‘g’%% gre
not hom)geneous WOAMP425ns but consist of two separ at e phases 12
sol vent-rich clear soI ution of |ower nolecular weight polyner at |ow
concentrations (e.g., 7% and the other a,polyner-rich turbid (coll oidal)

10 sol ution of higher nolecul ar wei ghf4f)ol ymer at high concentrations
C G, 179 t hat
e Sorymer, ) aoldfek Horb 4P 3R Bhilelcbalflp 86dFng Roublnd. WL ARNG, 1D

concentrations and chengssieye the same effﬁet: thereiss q@msalmacemﬁpn Fanger erant | y,

the two phases are yiRg¢ Uiplvﬁuél{‘t}g‘ﬁhase separa%cgygﬁl‘n Sdiflexiét! a@'dhs%ﬁ@idttﬁ/
stand, w |l separate. The m x.nust_be mai ntai ned as a ger5| on,

with constant agi téﬁ’faéﬁ"’upwtﬁﬂq“l’ defines;thigdegipn, of I“FtaP%'Wc%P 95‘§s°ad' gram of ¢ |
Essentially, ig W afidlbigpdrydf pblgmetiscidntMonsotvant 5aa&nsw\tolememurar wsﬂgded

soL 27 (di dit
Starting " pobtwReysPEnelen HinoRtFueyed: WHErSRIPY VPR BFREEH SRR cp

(agg?/e) as foll O\I\Bmsclblaﬁ)wth solvent. _ 30_2
modi fi cation was | argel Fe?aéxggg HE %glf%%%d?b@ﬂ%icm aﬁg? p%‘&':l;rméée"dm’e? a8 bf the

ani sotropy and uni ftoermodemeicatiynunstaiiie cheditvmsf dheo cmimr wie swhereipothgrer ed 25
to the prior ggt. pr?{exnst two phases, bnd sbiNeREriBPARAhY Biker Fofbiichq® Bofiidnat | On

in the casting m X
that other systems must pass through when undergoing phase inversion), the

unstable Wrasidlo mixes precipitate very rapidly when quenched so as to form
a microporous skin at the interface and consequently develop into highly
asymmetric membranes, a structure shared by each of the Wrasidlo and Zepf
15 patents.
"Asymmetric® as used in the context of the Wrasidlo patents refers to
membranes that possess a progressive change in pore size across the
 cross-section between the microporous skin (the fine pored side of the
.membrane'that constitutes the air-solution interface or the quench;solution
20 interface during casting) and substructure. - This stands in contrast to reverse
osmosis and most ultrafiltration membranes which have abrupt discontinuities
between a "nonmicroporous skin" and substructure and are also referred to
" in the art as asymmetric.
Polymeric membranes can also be cast from homogeneous solutions
25 of polymer. The composition of these formulations lie outside of the
spinodal/binodal region of the phase diagram of Wrasidlo. Membranes cast
from homogeneous solutions may also be asymmetric, although not usually
to the same high degree of asymmetry as those cast from phase separated
formulations.
30 The Wrasidlo membranes have improved flow rates and permselectivity
in relation to prior art membranes. Such improved flow rates and
permselectivity arise from the structure of the membranes.
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generates nore of the clear phase; cooli ﬁa ’does. the reverse. Concentration
oS P o 1 whiTBR b gt G GRe by iRl BRI im0
di scugsed by havihas gbhstantialiy preater duimbes of mhicropproys skin groresnat more i ty
on a phase diagr amc%ssrt‘ém sidel) Whad b RBAY SiRcreRQIdY MBIV P4tbY ©RithNRIABEAA Gl at
constant tenperature, lyin bet ween spi nodal and bi nodal curves,
wher ei«n t he pol ynercovarianse Teranygitep|ppre diameter. The improved Zepf membranes are
. - achieved by modifications to the Wrasidio process, comprising reduced
casting and quenching temperatures, and reduced environmental exposure
between casting and quenching. Zepf further teaches that reduced casting
and quenching temperatures minimize the sensitivity of the membrane
formation process to small changes in formulation and process parameters.
10 Increasing the surface pore size of membranes has been described.
See UK Patent No. 2,199,786 to Fuji therein "Fuiji"). The Fuji patent, as well
as other references, teach that when one exposes a cast polymer solution to
humid air, a phase inversion at a point below the surface of the membrane
will occur. See Fuji patent. Membranes produced in accordance with the Fuji
15 process have a characteristic structure of relatively wide pores on the surface
{i.e., 0.05 - 1.2 ym), followed by progressively constricting pore sizes to the
phase inversion point below the surface, followed by an opening of the pores
until an isotropic structure is achieved progressing to the cast surface (i.e.,
1 - 10 #m). Accordingly, the Fuji membranes can be thought of as having
20 reverse asymmetry from the skin surface to the point of inversion and
asymmetry progressing into an isotropic structure. The patent expressly
teaches that minimat asymmetry should be used in order to prolong the life of
the membranes. See Page 4, Lines 7-29. Further, it appears as though the
Fuji membranes are generally prepared with formulations having relatively high
25 viscosities. For example, the polymer concentrations are usually quite high
and in many cases, the membranes are prepared using ' polymers as
non-solvents. See Example 2, page 12; Example 3, page 15.
Asymmetric microfiltration membranes are useful in many applications.

. For examplie, such membranes can be used for a variety of filtration
30 applications (i.e., purification and testing applications in the food and
. beverage industry, pharmaceutical, and in medical laboratories) in a variety of

forms (i.e., disks or cartridges to name a few). Such membranes have
" become increasingly relevant to the testing industry for uses as diverse as
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formul ati ons. 30 = separation apiflmat:wsas$e¢|aag nKathearet ol. bbS.cPatens Nov Ec240.862.1 at es

and permsel ectygyi tyWhoCF blood 'n’ihyfﬁ‘d Q;Sdng{ﬂ th Qhé)'btaéi{ p6rel é&ﬁﬁé& GHE Selis SAF Be
|rrprovedflowrates ectivi arise fromthe structure of
t he menbr anes. filtered out and retamed in the porous support of the membrane, while the

plasma in the blood passes through the membrane. Through placing the
microporous surface in contact with an analyte detection device, the presence
or absence of a particular analyte can be measured, without the interference
15 of the cells. Further, this structure allows one to conduct diagnostic assays
without centrifugation. _
As was mentioned above, asymmetric membranes can be readily
prepared from certain hydrophobic polymers, such as sulfone polymers and
‘'mixed cellulose esters. The class of sulfone polymers geheraily include three
20 classes of polymers: polysulfones, polyethersulfones, and polyarylsulfones.
Where membranes are prepared using hydrophobic polymers, however, the
resulting membranes are hydrophobic and water will not generally pass
through them under reasonable operating conditions. Therefore, in
applications requiring operation of the membranes in aqueous environments,
25 the membranes {or the polymers prior to fabrication into membranes) are
typically caused to be reacted with, or mixed with, respectively, moisties that
cause the resulting membranes to become hydrophilic.
For example, there are several strategies for creating hydrophilic
membranes from hydrophobic polymers, these include:
30 sulfonation of hydrophobic polymers prior to casting as
membranes; i
contacting cast hydrophobic membranes with agents
that impart hydrophilic properties to the cast membranes;
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W asi dl o-type pol ynmer nenbranes having a substantially greater
nunber of m croporous skin pores of nore consi stent size, and
greatly increased flow rates, with reduced flow covariance for any
given pore dianeter. The |rrproved Zepf nenbranes are 5 achi

modi fi cations t VPRA¥EKL i dl o process, conprising reduced W’@%&ﬁ%ﬁb
and quenching tenperatures, and reduced environnental exposure

bet ween casting and quenchi ng. Zepf furthg_ t eaches that reduced casting
and quenching tenperatures mnimze the sensitivity of the menbrane

formati on process to small Cmfo% éﬁn&&éﬁﬂﬁlca&. %ﬁe@r}pﬂm g&qﬁﬁ @%Eamet ers.

10 I ncreasing the surtace e DI aRes een

descri bed. See umripatcemstmmemblmsxwebomm i (herein "Fuji"). The
Fuji patent, as vell  gach ofifheSh hﬁ{hoasfr@rr.ﬁ%%ﬁ. h{:@raﬂhné.@% méfitRartdfas
exposes a cast pol ymer solution t hu air, phase i nversion at a

poi nt «bel ow t he sur'f'ﬁ%’é“'o'?mph@srf’éﬁ'ﬁf'%@s For °"aWP|eI' W(B'Etetﬂ membgane, j5 PoRtat ent .
Menbr anes prodgced ﬂréhtawmﬂd@mmé hnﬁé?ﬁhﬂl‘bbhlﬁdity thed&ﬁﬁ@eﬁﬁerhﬁ!/thal the

characteristic str ur?mgnlé{yewﬁl learc?\ a%% c\ér?taXunate the %rrn% e. 0Cpne can a%tlémpgl go minimize
leaching through crosslinking certain moieties to the surface of the cast
membrane. For example, Roesink et al. in U.S. Patent No. 4,798,847 to (now
Re. No. 34,2986) disclose crosslinking PVP to polysulfone membranes.

10 However, while crosslinking hydrophilic maieties to membranes appears to
minimize leaching, it can add additional steps and complexities to the
fabrication process of a membrane. Further, depending on the conditions
required for the crosslinking, membrane strength and/or rigidity can be
compromised.

18 ) Where hydrophobic polymers are sulfonated prior to casting, it is very
difficult, if not impossible, to prepare an asymmetric membranes therefrom.
Thus, one is constrained to manufacture only isotropic membranes.

The final approach to imparting hydrophilicity to membranes involves

the inclusion of a hydrophilic moiety within the casting suspension. For
20 example, Kraus et al. in U.S. Patent Nos. 4,964,990 and 4,900,449 disclose

formation of hydrophilic microfiftrationmembranes fromhydrophobic polymers

through inclusion in the casting solution of a hydrophilic polymer, such as PEG

or PVP. The membranes prepared in accordance with the Kraus patents are,

however, isotropic and are therefore not well suited to the testing application
25 that are facilitated by asymmetric membranes.

Accordingly, it would be dessirable to provide an asymmetric
microporous membrane having a high degree of stable hydrophilicity,
sufficient strength and rigidity, and that operates efficiently and effectively in
testing applications.

30



(i.e., 0.05 - 1.2 pm, followed by progressively constricting pore sizes to

t he phase i nversion point below the surface, followed by an opening
of the pores until an isotropic structure i's achi eved progressing
to the cast surface (i.e., 1 - 10 pm. Accordingly, the Fuji

menbr anes can be thought of as having 20 reverse asymmetry fromthe skin
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applications i8 theuftherdendeted hydrophlhcbmegmgscasﬁdglﬂiersyalfoW\rmwmcb&I , and
i n medi cal Iaboratorl ﬁgé\ﬁl RN var s or
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cartridges to nane & phc§> ch ﬁé( an"e‘"sﬂ"havehvdmgmmS &8‘(‘,’% |!’hu Feaassl ngly
rel evant to the tegwoiywipyipydolidang. Becauase&hes miopestissand she fact that it requires

only a small amount of a liquid sample applied to the larger pore surface, the
membranes of the invention are highly useful in testing devices for the rapid

10 detection of analytes in a liquid sample without the interference of solids.

' One exemplary use of the membranes of the invention is in biood separation
applications for the rapid detsction of physiological conditions {i.e.,
pregnancy, insulin levels, stomach ulcers, and the like} and infectious diseases
{i.e., AIDS, hepatitis, and the like).

15 in accordance with a first aspect of the present invention, there is
provided an integral sulfone polymer membrane, rendered hydrophilic through
co-casting the sulfone polymer with a hydrophilic polymer, the membrane
comprising a microporous skin and a porous support, the microporous skin
possessing a high pore density and the porous support compiising anisotropic

20 region of substantially constant pore sizes and an asymmetric region of
gradually increasing pore sizes.

In a preferred embodiment, the membrane comprises a mean flow pore
size of from about 1 um to about 5 sm. In another preferred embodiment, the
sulfone polymer is selected from the group consisting of polysulfone,

258 polyethersulfone, and polyaryisulfone. In another preferred embodiment, the
hydrophilic polymer comprises polyvinylpyrrolidone. In another preferred
embodiment, the membrane possesses a lateral wicking speed of water of at
least 2 mm/second. In another preferred embodiment, the membrane has a
thickness and isofropic region extends from the microporous skin through

30 about 15-25% of the thickness. _

In accordance with a second aspect of the present invention, there is
provided an integral sulfone polymer membrane, rendered hydrophilic through
co-casting the sulfone polymer with a hydrophilic polymer, the membrane
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netal s anal ysis and nedi cal diagnostics. The nenbranes have a | arge

pore side and a m croporous surface. Through applying a solids containing
liquid sanple to the large pore surface, a liquid, largely free of solids,
ener ges fromthe mcroporous surface. The solids free ljquid s Ie
(filtrate) can DEO9§40421 o5t od without interference fromthe sB % !ﬂg‘ﬁ
testing can be acconplished chemcally, electrically, or through use
of a variety of analytical equipnent. One illustrative
testing application is offered in the diadhostlc I ndustry for which
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10 _Whol e bl ood rmssmmpm-gtmbre dertsite anghthe potue dupparticepwrising an isetropic can
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while the dregiéha@dlﬁﬂmp %I oo %?ngggﬁﬁ%gv %Hﬁamng%%%eaﬂ@ rough
pl aci Rg t he asmfmp@fe@w dafiping flow ¢happels a&sraqmatﬂm ingreasing djiaraeters.
detection devige, the pngappi&red embodumﬂ{t,tﬁbﬁﬁﬂfbﬁarﬁfcoﬁpﬁﬁstalrﬁéﬂrﬁfouﬁﬁtﬁ\é yte
can be neasured, wt hout the interf nce 15 of the cells. Furt he[‘ this
structure all ows on¥?8 ¢ fragnehaut 16’%@ oyt R4 Ingnother preferred\ﬂrqq?gmen é
centrifugation. sulfone ponmerA& $élected trorn nuhe @:b@p/e:pnﬁswgmf rpolysoEodw, anes

can be readily re om ce hobi c_po ch as
sul fone pol yners an%olyetl?ersmﬁ? W,j f‘ﬁ'@’ Eﬁya(ng .'p‘f!ﬁ%re% 3in§ d"é&H?one
pol ymers general |.y hydtdphilie pdiyreer aﬂnpnseslMlmfrolplohqnelnsanqﬂwywateﬂeﬁes,
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menbr anes are hydr oea? mrrdmomm iy angther nrﬁfprrgfbweb%qlmyntpaysmembrane %EQ Ar ough
them under reasonagdknesiCard isBEoie Méliér 8R@nds FBRAItRE Mibropbidus skin through

about 15-25% of the thickness.
In accordance with a third aspect of the present invention, there is
15 provided a method to prepare a hydrophilic integral sulfone polymer
membrane, the membrane comprising a microporous skin and a porous
support, the microporous skin possessing a high pore density and the porous
support comprising an isotropic region of substantially constant pore sizes and
an asymmetric region of gradually increasing pore sizes, comprising: providing
20 a casting dope comprising between about 8% and 17% by weight of a
sulfone polymer and between about 5% and 25% by weight of a hydrophilic
polymer, dissolved in a soivent, casting the dope to form a thin film, exposing
the thin film to a gaseous environment, including water vapor at a relative
humidity of between about 50% and 80% for between about 5 seconds and
25 35 saconds, and coagulating the film in a water bath having a temperature
betwesn about 20 °C and 70 °C and recovering the membrane.
in a preferred embodiment, the dope is a homogeneous solution. In
another preferred embodiment, the dope additionally comprises a nonsoivent

R for the sulfone polymer. In another preferred embodiment, the dope is a
30 dispersion. In another preferred embodiment, the membrane comprises a
. mean flow pore size of from about 1 ym to about 5 um. In another preferred

embodiment, the sulfone polymer is selected from the group consisting of
polysulfone, polyethersulfone, and polyarylsuifone. in another preferred



applications requiring operation of the menbranes in aqueous environnents,

25 the nmenbranes (or the polyners prior to fabrication into nmenbranes)
are typically caused to be reacted with, or mxed with, :
respectively, noieties that cause the resulting nmenbranes to becone
hydr ophi |i c. For exanple, there are several strategies for
creating hydrophilic menbr anes from hydr ophobi ¢ poly

i ncl ude: 30 WO 96/40421 sul fonation of hydrophobic pol ﬁ@" s%{}fog 10
casting as menbr anes; contacting cast
hydr ophobi ¢ nmenbranes with agents that inpart hydrophilic
properties to the cast nenbranes; -10- WO 96/ 40421

PCT/.US96/ 10124 . - . - .
i ncl'usion of hydr opHTPdmens; dbe ydrophifig, polyme i°r°n'g“p8%96e°°""z""]"""°"d°“°‘ B
to casting menbranesnatiwerpeéfened embodiment, the mentiuiarie Refssessess @ Interah yickingr
I mparting hydrophi | il s WatdFoiRE RA&S2 RWsecond. In another preferred embodiment,
the membrane has a thickness and isotropic region extends from the

5 microporous skin through about 15-25% of the thickness.

or

In accordance with a fourth aspect of the present invention, there is
provided an lateral wicking device of the type comprising a separation
membrane and a contact membrane, the improvement comprising: the
separation membrane comprising an integral sulfone polymer membrane,

10 rendered hydrophilic through co-casting the sulfone polymer with a hydrophilic
polymer, the membrane comprising a microporous skin and a porous support,
the microporous skin possessing a high pore density and the porous support
comprising an isotropic region of substantially constant pore sizes and an
asymmetric region of gradually increasing pore sizes.

15 in a prefarred embodiment, the membrane comprises a mean flow pore
size of from about 1 um to about 5 ym. In another preferred embodiment, the
sulfone polymer is selected frdm the group consisting of polysulfons,
polyethersulfone, and polyarylsulfone. In another preferred embodiment, the
hydrophilic polymer comprises polyvinylpyrrolidone. In another preferred

20 embodiment, the membrane possesses a lateral wicking speed of water of at
least 2 mm/second. In another preferred embodiment, the membrane has a
thickness and isotropic region extends from the microporous skin through
about 15-25% of the thickness. In another preferred embodiment, the device
is a lateral wicking device.

25
BRIEF DESCRY. N OF THE DRA GFl S
Figure 1 presents a pair of scanning electron micrographs (SEM’s) of
a membrane in accordance with the invention. Figure 1ais a top view of the
membrane which shows the microporous surface of the membrane. Figure
30 1b is a cross-sectional view of the membrane.

Figure 2 is a scanning electron micrograph (SEM) of a membrans in
accordance with the invention providing a cross-sectional view of the
membrans. '



I nherent problens or difficulties. For exanple, where a nenbrane is post-
5 treated with a noiety to inpart hydrophilicity there is a potenti al

that the noiety will |leach and contam nate the sanple. One can
attenpt to mnimze | eachi ng through crosslinking certain noieties
to the surface of the cast menbr ane. For exanple, Roesink et al. in
U S Patent No. _4 7 47t o (now Re. No. 34,296) discl

crosslinking PVW‘P&?‘&% ysul f one nmenbranes. 10 However ; ?ﬁ‘?mssﬁnmu
crosslinking hydrophilic noieties to nmenbranes appears to mnimze

| eaching, it can add additional steps ang conplexities to the

fabrication process of a menbrane. Furth P dependi ng on the conditions
feaul red_or e orosSrgise s JRAAAG YR EIGARH O] bk e n0C,
to casting, it is gegoydance wnh@efmwmpn Rrovigipe 3 esseptianal visvh ok fhire an

asymetric menbr anggmbhest r om Thus, one is const rained to
manuf acture only isotropi c nmenbranes, i pal q!quproa,ch to
i mparting hydrophilicit joyTs 4.8 A $cannio elagtey sacrograph (SFME” BOEIYR 'Bf a

hydrophi lic ms et yasdordtnge t With ahe tihventioh JPevidingna crelis-sdBtional &dewTlf ethe Kr aus
et al. in US Patent bNos 4,964,990 and 4, 900, 449 di scl ose

formati on of hydroB'ﬁﬁ i crofil trati onmenbr anesfrom hydr ophobi ¢ pol yners
t hrough inclusion in thégwasiprasersoh peir ohseanniag lwledtrop imitrographs (BEM'S) cfuch as

PEG or PVP. ILLO SRR ARGt dAHCBRAHHEHe | rﬂleﬁ'&ﬁ ﬁ@ﬁ&%a‘{!é{b 'J‘H“vY &S

patents are. never. creotropic and are ore not sulted to
the testing appli c membraneswhich shews theemicerpiorqus gudacengf theynarelrane: FigurBr anes.

Accordingly, {g woghe é)eroés‘ééétﬁﬂbméw oP iH2\thélRbraRe 2SyMTBL I'i C
m croporous menbrane having a high degree of stable hydrophil ICIE&%ﬂof

sufficient strength andFigwgi&presentsagay H&f"%@ﬁ’ﬂ%"éﬂm'@ﬁ@ﬂ?f i
effectively in a membrésd inRgcariice Gt 1B Snverdfion. Figure Ba is a top view of the

membrane which shows the microporous surface of the membrans. Figure
6b is a cross-sectional view of the membrane.

15 Figure 7 presents a pair of scanning electron micrographs (SEM’s} of
a membrane in accordance with the invention. Figure 7ais a top view of the
membrane which shows the microporous surface of the membrane. Figure
7b is a cross-sectional view of the membrane.

Figure 8 is a scanning electron micrograph of a membrane prepared in

20 accordance with the Wrasidio patent, seen in cross-section, in order to
compare the structure of membranes in accordance with the invention.

Figure 9 is a schematic top perspective view of a lateral wicking device
in accordance with the present invention.

25 D ! IPTION OF ED EMBODIMENT.
in accordance with the present invention, we have unekpectediy
discovered that it is possible to manufacture an asymmetric, highly
hydrophilic, microfiltration membrane that is particularly adapted to lateral
wicking separation applications from a hydrophobic polymer that is co-cast as
30 a solution or dispersion with a hydrophilic agent or moiety. In preferred
embodiments, the membranes of the invention are manufactured from a
sulfone polymer and polyvinylpyrrolidone. Further, in preferred embodiments,
the structure of the membranes is not strictly a conventional asymmetric
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SUMVARY OF THE | NVENTI ON One aspect of the invention relates
to a sul fone pol yner nenbrane wi t h "hi gh surface porosity and
distinctive asymmetry that can separate solids froma liquid sanple

wi t hout the needwg %@?ﬁt rifugation. The nmenbrane is 5 fur%sgglgﬂg“ered

hydrophilic thro casting the sul fone polynmer (which is

hydr ophobi ¢ polynmer) with a hydrophilic polyner, such as

pol yvinyl pyrrolidone. Because of these properties and the fact that it
requires only a small anount of a [Tquid sanple applied to the

larger pore surfacegmidife. Rather, ' TRERDRReLhodsER 4 BYURBHESEH & ontioshs ¥t
useful in testing devices for the rapid 10 detection of analytes in a

liquid sanpl e wi t hotfPtreRie dnd, BRIBPIEQRIG, BlEUGIpres i this way, structurgliy speiking. the, yse
of the menbranes of meirangy 6fithe Mvehtion die BinflattoIRPMEMbLaMB structures disclosed

ot egnancy. T nsul i n PAY8 EstolCARRRt Sanl Nex pBIERLR. pbf Marh FrTedd

di seases 5 (i . disclostird&i whiehag hdrelsy, inaorgorated Uyi refeyence.

Are ture of the Membranes of the Inventi

The polymer membranes of the invention retain a substantial degree

of asymmetry while having relatively large microporous skin pores. A
10 convenient method for assessing the asymmetry and pore size of membranes

is through use of scanning electron microscopy (SEM). Figures 1 through 7

show the cross sections and/or microporous skin surface of membranes

prepared according to the invention. The features of those aspects can be

compared to those of a conventional Wrasidlo-type fine pore membrans
15 shown in Figure 8.

In addition to the asymmetry of the membranes and the open pore
structures, the membranes of the invention are unigue in the presence of an
isotropic region that extends from the microporous skin surface to a point
within the substructure of the membrane. Typically, this isotropic region

20 extends through at least about 20% of the membrane thickness.

in the absence of SEM data, asymmetry can be grossly estimated as
described by Kesting, Synthetic Folymer Membranes: 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 allowing the dye

25 to penetrate the membrane as well as spread on its surface. The ratio of the
areas coated with dye gives a rough indication of asymmetry, or the degree
thereof, Pore size can also be estimated by porometry analysis and by
separate measurement of the bubble point, with a higher bubble point
indicating tighter pores. In a classical asymmetric membrane, it is the surface

36 pores that are the tightest. In the membranes of the present invention, the
tightest pores may lie somawhers bt_atween the microporous 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



15 In accordance with a first aspect of the present invention,

there is provi ded an integral sulfone pol ynmer nenbrane, rendered
hydr ophi l'i c through co-casting the sul fone polyner with a
hydrophilic pol ymer, the nenbrane conprising a m croporous skin and
a porous support, the m croporous skin possessing a high pore

density and the porous _support conprising an isotropic 20 regy
substantial |y cof’#M%ore sizes and an asymetric region of 98%/3995%124

gradual | y increasing pore sizes. In a preferred enbodi nent,
the menbrane conprises a nean flow pore .., _ size of fromabout 1 pmto
about 5 pm In another preferred enbodineﬂ?, t he sul fone polyner is

L T O DAl B0 5 5 i il 07

and pol yaryl sul fone. "I n ano preferre
hydr ophi | i ¢ pol yner Ferghese analysps [a/Gauiter Borometar dMasds! 0204 waspsess preferred

embodi ment, the menbr aneaPRaakshal themerlbPimas ofthé kieBeht iiVBRGorIhcIUeY fregieh at
| east 2 mmi second. | n another preferred enbodinent, th nbrane has _ a

: e ) the mer .
t hi ckness and i sot r Bi3t dS @epsraly isetrenig and, & fegien: that ds Sybstantally asymmetifuigh 30
about 15-25% o t heGbhdrsliyie6opic (or the isotropic redidh) A8 adeddifein, whidhsa regieand
aspect of the presen# i nv%nt lon '

there is_ . vid%d an integral
sul f one pol yner nenBr3gTere Y&B’&%?’&PWoBﬁ?"FY’&"PHF%W’" emmwp&?—"gﬁ@f'l ng
t he sul fone pol yrer dowt threudiyeoptbdni dfitive suppyrtiag strudterendinb isatropic region may,
alternatively, be viewed as a région having flow channels of a substantially
constant mean diameter. In general, the average microporous skin pore size
10 or diameter of the microporous skin pores of the membranes of the invention
are greater than 1.0 gm. In the isotropic region, this microporous skin pore
size generally defines the mean pore size throughout the isotropic region. For
example, in preferred membranes, SEM’s suggest that a membrane having a
mean microporous skin pore size of 2 ym has a average pore size of 2 um or
15 greater throughout the isotropic region. Similar structures are seen in
membranes having 3 um, 4 ym, 5 um, and etc. microporous skir_1 pore sizes.
However, it will be appreciated that the isotropic region comprises a
distribution of pore sizes that visually appear isotropic. It is expected that the
actual pore sizes in the isotrépic region vary somewhat (i.e., possess some
20 degree of pore size distribution) as is the case with any membrane.
Typically, the isotropic region extends from the microporous skin of the -

membranes into the supporting substructure through greater than about 10%
of the thickness of the membrane. More preferably, the isotropic region
extends through greater than 30%, 40%, or even 50% or more of the
25 thickness of the membrane. In highly preferrad embodiments, the isotropic
region extends greater than about 20% the thickness of the membrane. For
example, in a 250 ym membrane the isotropic region extends greater than

about 50 um from the microporous skin into the supporting substructure.
Substantially asymmetric or anisotropic (herein, the asymmetric
30 region), as used herein, means a degree of asymmetry similar to that
disclosed in, and possessed by, membranes prepared in accordance with
Wrasidlo and Zepf patents. In that regard, the membranes of the present
invention have average microporous skin pore sizes of greater than about 1.0
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PCT/ US96/ 10124 conprising a mcroporous skin and a porous
support, the m croporous skin possessing a high pore density and the
por ous support conprising an isotropic regi on defining flow channel s
of substantially constant dianeter and an asymmetric region defining
fl ow channel s of adual ly increasing dianeters. 5 In a
preferred embodWM P&ﬁ’f‘ the menbrane conprises a nean flow poremms”’m’gfze
of fromabout 1 pmto about Spm In another preferred enbodinent, the

sul fone polyner is selected fromthe gro B. consi sting of polysulfone,

pol yet her sul fone, and pol yaryl sul f one. anot her preferred enbodi nent, the
hydrophilic polyne,_c g : red 10
embod ment .+ e’ ol h0S b7 BB By é'ﬁéf'atﬁé%'g? B0 tp b A phd EbSE T

| east 2 mml second. dwrimgznastingSEM’e show thetdhehawiragarpore shes angray leastgreater a
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about | 15 26% of { N A e g AvEbe MiErobbB WoR Rt oS Te 2 abe'oP 13
aspect of the pres®ifropargusakingere sipgtocaptisurigce porp sigg jsaseptar then aheyt 249,

prepare a hydmsophi ddcCininigHhopraferfed| shibidainientsi8BE1, 4:1, 5:1, Mﬁéﬁeorgfré?ﬁer
menbr ane conprising a mchzfporous skin and a porou

t
m croporous skin pOSEReYes. Wyﬁﬂ“é“"ﬂﬁ‘f%’istgiﬁdéﬁ?a°’P'H¥""5’5’rt83|§£’mmem

support conpri si ngregioni sot rop| c region of substantially constant pore sizes

d t f lly.incre
. 2grrpri si ng: agrg\i?/mgr gs agegﬁog?qﬂ’ra?%gg ’°X°8'ﬁ13¥“i"£?ﬁ6"‘%8{’) gﬁg%“ﬁdﬁ?nhé% and
17% by wei ght of awith respecs tof theeasyoinyateyr measirdsk aivtlen satfacss. 5 fact! tBE% by
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dope to forma thin m_ = exp
pore size in the asymmetnc region, above the cast surface, are viewed on

he

cross-section in scanning electron microscopy. See, for example, Figures 5-7.

When this is done, the asymmetry of the membranes of:the invention appears

to be greater than about 10:1 or 20:1 or perhaps as high as 100:1 or even
15 200:1.

It will also be noticed by looking through the microporous skin pores
that the pore sizes in the isotropic region appear slightly larger than the pores
in the microporous skin. This fact, in combination with the observed
asymmetry based on surface-surface analysis versus cross-sectional analysis

20 indicates that some quanta of "skinning” occurs on both surfaces. - Without
wishing to be bound by any particular theory or mode of operation, there are
three plausible explanations for the skinning seen in the membranes of the

-invention. First, when the cast film is exposed to air, the water vapor begins
to gel the film and form the incipient membrane in the top region. However,

25 not all of the polymer may be gelied in this brief time. Therefore, when the
film hits the quench liquid, the remaining unprecipitated polymer then forms
a microporous skin. Second, or alternatively, a perhaps better explanation is
simply that surface contraction shrinks the pores due to the inherent
difference in surface energies (somewhat anaiogous to a water droplet or a

30 soap bubble that minimizes its surface-to-volume ratio). Or, third, there may
be a slight migration of polymer to the surface due to the steep gradient in
chemical potential.



the thin filmto a gaseous environnment, including water vapor at a relative
hum dity of between about 50% and 80% f or between about 5 seconds and 25
35 seconds, and coagulating the filmin a water bath having a tenperature
bet ween about 20[err]C and 70[err] C and recovering the nenbrane.

In a preferred enbodi nent, the dope is a honpbgeneous solution. In

anot her preferred enbodi nent, the dope additionally conprises a_nonsolvent
for the sul fone WOIAWE | n another preferred enbodi ment, the BOHHESIR0124 30
di spersion. In another preferred enbodi nent, the menbrane conprises a

mean flow pore size of fromabout 1 pmto_agbout 5pm In another preferred
enbodi nent, the sul fone polyner is selectég’fron1the group consi sting of
5\?0' 527% anp pol yet her sl ifvienafiy, dte Yo B8 #5231 Hat the' 1B6le pomht 2P e Fembrares’ M ©¢
PCT/ US96/ 10124 of the invention are generally higher than what would Be predicted for the
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anot her preferred 0Ssesses a eral W ckin
. apparent that thers must be some constriction in pore size between the
b isotropic region and the asymmetric region. Surprisingly, conventional

reasoning would suggest that the pores below the microporous skin should
be smaller than the microporous skin pores. In fact, they should grow
progressively smaller with depth, i.e.. "reverse asymmetry". Diffusionis a
slow process. Thus, the pores created or formed below the microporous skin
10 should be exposed to or "see” less water vapor and, therefore, be smaller.

The Fuji membranes appear to confirm this conventional reasoning and
have "reverse asymmetry® from the skin to an inversion point a short depth
into the membrane. In contrast, the pores below the microporous skin in the
membranes of the invention appear to be of the same size or larger than the

15 poras in the microporous skin and remain with such isotropic or homogeneous
pore distribution throughout the region.

Therefore, it appears that the isotropic region of the membranes 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 polymer film, which causes

20 homogeneous or isotropic formation. This is analogous to membranes
prepared from cellulose mixed esters or cellulose nitrate membranes.
However, it appears as though there is relatively limited evaporation of
solvent or non-solvent {depending on, among other things, exposure time prior
to guenching}, so that, when quenched, the quench liquid rushes in and fixes

25 the isotropic region and creates and fixes the asymmetric region.

With respect to the possible constriction of the pore size distribution
between the isotropic region and the asymmetric region, discussed above, -
which would assist in explaining the tighter pores observed in porometry
analyses {i.e., 1.0 ym maximum and 0.8 yum mean pore size), there may be

30 a process of internal "skinning" akin to the microporous skin formation in

. Wrasidlo and Zepf membranes. Support for this possibility is given by
Michaels in U.S. Patent No. 3,615,024, Col. 5, lines 43-54, where it is
disclosed that a gradient pore structure occurs when water permeation into



speed of water of at |east 2 mm second. In anot her preferred enbodi nent ,
t he nenbrane has a thickness and isotropi d‘hmt}hséxmmﬁmdromthe 5

m croporous skin through about 15-25% of .t [ In
there is

accordance with a fourth aspect of the pre [
provi ded an | ateral w cking device of the type conprising a separation
menbrane and a cQntact nenbrane, the inprovenent -conpri sing

separation nenbrv&‘r\g‘s’@ﬁ?‘rpri sing an integral sul fone pol yner rretr#%ﬁ.gjr?gmoiﬁ
rendered hydrophilic through co-casting the sul fone polymer with a

hydr ophi lic pol ymer, the nenbrane 1o:‘ﬁrrprr sing a m croporous skin and
a porous support, : t he ni croporous sKin possessr ng a high pore

density and the polQUs: fiPRdtricted by atﬁ;ﬂ{HﬁBH §k199wﬂﬂh 'iéf&?rﬁ&?bﬁﬁe%&@f‘mo‘c
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the menbrane conpr iviie the ﬁearbrédesm he 'iﬁ)trop!c regloﬁ lapseaPto b ramra,h@ gh vrbuﬂm t 0
about 5 pm In another re errlﬁﬁ

selected fromthe é'?%’ﬁﬁ ¥y ACtua q??d‘éfp%%nﬁ @Wﬂh@ataccwms'#?fotﬂ % %m fone
and pol yaryl sus f onelatd sndahighdrebublie @bink tiexh ersraightranticipatdlia view of the large
hydrophilic polymer conprises polyvinylpyrrolidone. I'n another preferred 20
enbodi nment, the rrerﬁgfa%g possesses a lateral w cking speed of water of at

| east 2 mm second. In aAetordinglyr thestnustiire abibd imeertiranes (o thecpreseah inventiona

thi ckness and isotro t
about 15-25% of thé hﬁn tgrgaggé?a ?&a gﬂﬁﬁir&ﬂﬁrﬁg&r r ee&(ﬁ?%%}"ﬁxﬁeﬁﬁdﬁuhn&%ew ce
is a lateral w cki rigbsrantially nogq;ymmetnc (i.e., ars isotropic} froprthemigesuausskirde OF

THE DRAW NG F{§UREQ pomt below the surfacé] 'dﬂﬁh@d herBinCasOmE Ssofropidirbgih, discaBsddng
el ectron mcrographs (S f menbrane in accordance with the

S) o
i nvention. Figure P£b3ve- sTﬁetaﬁﬁ“WPYé\‘R/'S?w? r?éthe membrangs genarally, PRCUIE BHERX: t he
m cropor ous surf acezhsﬁ abBdle50W o L thickfasg of theFRembranel Whéreds, itf comvertionbl onal

view of the membran or ‘classic asymmetry, for example, in Wrasidlo and Zepf membranes, the
asymmetric region occurs throughout the entire, or substantially the entire,

15 membrane thickness. In the Fuji membranes, in contrast, the region below
the skin has inverse or reverse asymmetry; and below that, has slight
conventional asymmetry. It is expected that the probable higher viscosities
of the Fuji casting formulations contributes to this structure.

Therefore, colloquially speaking, the membranes of the invention can

20 be viewed as having a funnel structure in terms of the flow channel
configuration throughout the thickness of the membranes. For example, the
pores meeting liquids flowing into the membrane from the surface that was
unexposed during casting is very large. This is the asymmetric region, which
would correspond to the conical portion of a funnel. As the liquid flows

25 through the membrane, the pore sizes or flow channels gradually constrict,
until, finally, the liquid enters the generally isotropic region which ¢ontains
pore sizes or flow channels of substantially constant diameter, then flows out
through the microporous skin, the isotropic region corresponding to the spout
of the funnel,

30 The structure of a typical open pored membrane of the invention
prepared from a dispersion is shown in Figures 5 through 7. The membranes
have microporous skin surface pores of, on average, 2 ym, cast surface pore
sizes of, on average, 10 xm, and, in .cross-section, demonstrate an isotropic



Figure 2 is a scanning el ectron mcrograph (SEM of a nenbrane in
accordance with the invention providing aTmsSissmeBéeha ced/l ew of the

menbr ane. WO 96/ 40421 jl ‘u"l

PCT/ US96/ 10124 -
Figure 3 is a scanning electron mcrograph

accordance with the | nvent ion providing a cross-secti onal VI e g
menbr ane. WO 96/40421 i qure 4 i s a scanning el ectron m crog of
a menbrane in 5 accordance with the invention providing a

cross-sectional view of the menbr ane. Fi gure 5
presents a pair of scanning el ectron mctbgraphs (SEM s) of

e ane | 0860t S koS 4 OO o e 80 el
5b is a cross-sect |mrqmbmmx|mmelnmmﬂ@ thickness of the membranes, followed
by an asymmetric region that opens from pore sizes of approximately 2 yum
to about 50 ym from the end of the isotropic region to the cast surface. As
5 will be appreciated, the degree of asymmetry based on these observations is
approximately 25:1. The particular membranes of the Figures have water
bubble points of between 1 and 5 psid. The membranes shown in Figures 5
through 7 have very similar structures but possess mean flow pore sizes of
about 4.3 um (Figure B), 2.6 ym (Figure 8), and 3.8 gm (Figure 7),
10 respectively, as measured by Coulter porometry.

Preparation of the Membranes of the [nvention
Generally membranes in accordance with the invention are prepared
through conventional approaches. A polymer casting solution or dispersion
15 is prepared which is then cast, exposed to a gaseous environment for a
predetermined period of time, and then guenched in a nonsolvent bath.
Preferred casting solutions with or without nonsolvents and casting processes
are discussed below.

20 Casting Solutions With or Without Nonsolvents

Membranes in accordance with the invention can be prepared from
homogeneous solutions as well as dispersions. In preferred embodiments, the
membranes of the invention are prepared from homogenesous solutions.
Homogeneous solutions can be prepared through use of solvents alone, or in
25 combination with nonsolvents. Membranes prepared from dispersions canbe
formed with bubbla points in the same general range as those made from
homogeneous solutions. However, such membranes generally require longer
periods of exposure to the air before quenching. Figures 1-4 show the
. structure of a membrans produced from a homogsneous solutions, without
30 the use of nonsolvents, as seen through scanning electron microscopy,

. including microporous skin surface and cross-sections of the membranes.
The membranes of the invention are preferably prepared from a
homogeneous solution containing a hydrophobic polymer (i.e., a sulfone



Figure 6 presents a pair of scanning electron m crographs (SEM s) of
a nenbrane in accordance with the invention. Figure 6a is a top view of the
menbr ane whi ch shows the m croporous surface of the nmenbrane. Figure

6b is a cross-sectional view of the nmenbrane. 15 Figure 7
presents a pair of scanning electron mcrographs (SEMs) of ' a
menbrane in accordance with the invention. Figure 7a is a top view of the
menbrane whi ch SHBR¥4M¥e ni croporous surface of the menbrane. ¢10124

7b is a cross-sectional view of the nenbrane. Figure 8 is a
scanni ng el ectron m crograph of a nenbrane prepared in 20 accordance
with the Wasidlo patent, seen in cross- s’&:‘tlon in order to conpare

the structure of menbran n, a ord nce n

Figure 9 is a schet?g’F "&erﬁoﬂohbdé?@@gcﬁ W&w p@ﬁwmv'pg{gl J&f'e "ﬂla gt gl\ﬂ ce
in accordance wit h solventpfoe snhydrophebic ipotymer agd the hydrophilic polpiEen| LED

DESCRI PTI ON' OF THE PREF%R%EQ:;E&@QPJWEM dsl the hydrophoblc doﬂmr?e?g raﬂ%ﬂﬁclﬁv WI th

t he present i nvention, we have unexpecte di scovere

possi bl e to manuf aROIMST 3 - \RAINSHIFGNG, :plwl;ulfone, or (polyetygrsuifoge), and
mcrofiltrati o nergéRpdn Béﬁvsﬂlﬁn@aﬁd fridse pleferadlg PUGA 500! Fly3URbne from

w cki ng separation applications froma hydrophobic polynmer that is co-cast
as 30 a sol uti orfPMPCE: spersion with a hydrophilic agent or noiety. In
preferred enbodi nents, the nenbranes of the invention are

manuf actured from a ul f I r and pol yvi nyl pyrrolidone.
Further, in preferred e%ﬁ?"ﬁﬁﬁfmeg%fhe structure of the nenbranes is
not strictly a conventional asynmetric

" | O‘i"@”“

Structure of Polysulfone

~OFOo-AD-Do—

20 Where polysulfone is utilized, the polymer concentration is generally

16

between about 8-17%, or more preferably between about 8-16%, and most
preferably between about 10-12%.
The hydrophilic polymer may be any polymer that is compatible with
the hydrophaobic polymer. In preferred embodiments, the hydrophilic polymer
25 is polyvinyipyrrolidone, preferably having a molecular weight of approximately
40,000. The hydrophilic polymer is included at between about 5-25%, more
preferably between about 10-20%, and most preferably between 12-17%.
The solvent is selected so as to be a good solvent for each of the
hydrophobic polymer and the hydrophilic polymer. Where the hydrophobic
30 polymeris pdlvsulfone and the hydrophilic polymer is polyvinylpyrrolidone, we
have found that N-methyl pyrrb!idine, dimethy! formamide, and dimethyl
acetamide operate effectively as the solvent. In highly preferred
" embodiments, dimethyl formamide is utilized as the solvent.



WD 96/ 40421

PCT/ US96/ 10124 - 12-

structure. Rather, the nenbranes possess a conbinati on or conposite of

i sotropic and anisotropic structure. In this way, structurally speaking,

t he menbranes of - the i.nvention are simlar to the nenbrane
structures disclaosed in U S Patent Application, Serial

081206, 114, fil ed"RB#414 1994, the 5  disclosure of which 5E hel st
i ncor porated by reference. Architecture of the Menbranes of the
I nvention The pol yner nenbr s of the invention retain’a
substantial degree of asymmetry whil% having rel at ively | arge

m craporous skin pores. ﬁ* $Sner aneral, g&gmpsam.omhqegoma ?ﬁﬂve%b&n are
asymmetry and pore size 0 rou use of scanni ng

el ectron m croscopy MR asshpwndp Tabledr ough 7 show t he cross

sections and/or m croporous skin surface of nenbranes pr epar ed
according to the invention. The features of those aspects can be
conpared to those of a conventional Wasi dH8BLEpe fine pore menbrane 15
shown in Figure 8. RSy eCry o

Hydrophobic Polymer 8-17%

“ Hydrophilic Polymer 5-25%
ll Solvent Balance
10 In highly preferr_ed embodiments, polymer solutions are prepared as

shown in Table ii:

JABLE 1i

Const'tuent

185 Sulfone Polymer

5-25%

Balance

Polyvinylpyrrolidone

Solvent

Partial or complete dispersion formulations can be prepared through the

20 inclusion of a nonsolvent for at least the hydrophobic polymer. For example,
water may be added to the formulations in sufficient quantities to create a
dispen;sion casting dope. Or, smaller quantities of nonsolvents may be utilized

to form homogeneous solutions. Where a complete dispersion is desired, one

can add tertiary amyl alcohol in a sufficient quantity to replace or supplement

25 water as the nonsolvent. Thus, combinations of nonsolvents, ar single
species of nonsolvents, can be utilized in accordance with the invention to
prepare casting dopes with particular qualities. High nonsolvent
concentrations can be used to create dispersion formulations, whereas, lower
nonsolvent concentrations can be used to form homogeneous solutions.

30 Quantities of nonsolvent can be varied from about 0.1% through about 10%.
In preferred embodiments, water is utilized as the nonsolvent in an amount



structures, the nmenbranes of the invention are unique in the presence of an
I sotropic region that extends fromthe m croporous skin surface to a point
wi thin the substructure of the nmenbrane. Typically, this isotropic region
20 extends through at | east about 20% of the nmenbrane thickness.
In the absence of SEM data, asymretry can be grossly estinmated as
descri bed by Ke ynt hetic Pol ymer Menbranes: A Structur
Per specti ve, 3}?79%3? ihn Wley & Sons, 2d edition (1985)), bgéT’Bsﬂ‘QP‘%‘b a
smal | dot of |nk or dye to the tight face of a mepbrane and allow ng the
dye 25 to penetrate the nenbrane as pgél as spread on its surface. The

d

rati o of the areas coated with “gives a rough indication of
asymretry, or the geghRgto to prepare a nbBh&Rbus E&‘i:ﬁg dbget Fﬁlaékaﬁjnp?é) mﬁﬁrﬁ\gsﬂbgﬁt ed
by porometry anal ysis_an separ at e measur enent t he

point, with a hi gh@wtﬁiﬁs’mﬁe%gwmo'vent- the watprds emrﬁ'yvm%érm Hreasting n o

classi cal asymmet r ygpoTEGhY aaéut 011%&hi&mghsw&afmoﬁ0 and, PTHighly NRéfeRe@ t he
tightest. In the ne tgnes of @gﬁﬁsent i nventi on, t he ti ght est
pm °Ph

pores may |ie someff ‘croporous skin and the

asymmetric re@ on. Poronetry consists of utilizing gradually increasing
pressures on a wet nenbgane ofo) In as flowrates with those of the
PCT/ US96/ 10124 The polymer solution is typically cast into a thin film, exposed to a

gaseous environment for a predetermined period of time, followed by
quenching in a nonsolvent for the polymer (partlcularly, a nonsolvent for the
10 hydrophobic polymer.

The membranss of the invention can be cast using any conventional
procedure wherein the casting dispersion or solution is spread in a layer onto
a nonporous support from which the membrane can be later separated after
quenching. The membranes can be cast either manually (i.e., poured, cast,

15 or spread by hand onto a casting surface and quench liquid applied onto the
surface) or automatically {i.e., poured or otherwise cast onto a moving hed).
A preferred support is polyethylene coatad paper. in casting, particutarly in
automatic casting, mechanical spreaders can be used. Mechanical spreaders
comprise spreading knives, a "doctor blade,” or spray/pressurized systems.

20 A preferred spreading device is an extrusion die or slot coater, which
comprises a chamber into which the casting formulation can be introduced
and forced out under pressure through a narrow slot. In Examples 1 to 3,
membranes were cast by means of a doctor blade with a knife gap of typically
about 500 through about 800 gm, or 600 through about 750 gm, or

25 preferably about 700 ym.

Following casting, the cast dispersion or solution is quenched. In a
preferred embodiment, quenching is accomplished by moving the cast
membrane on a moving bed into the quenching liquid, i.e., as a bath. The
quenching liquid is most commonly of water, the temperature of which is

30 frequently at or near the casting temperature. In the bath, the quench
operation precipitates or coagulates the polymer and can produce a
"microporous skin" having the requisite pore sizes and a support region

" having the characteristic structurs. The resulting membrane is ordinarily



- 13 - dry nmenbrane which yields data on pore sizes as well as the
bubbl e poi nt. For these anal yses, a Coulter Poroneter Mdel 0204 was
used. As mentioned, the menbranes of the present invention

i nclude a region that is generally isotropic and a region that is
substantially asymmetric. 5 Generally isotropic (or the isotropic

region), as used here| n, neans a region of generally c?%%h lggre

size, as viewed 9 82} r om t he i croporous skin down

portion of the supporting structure. The isotropic region may,
alternatively, be viewed as a region havipg flow channels of a -
substantially constant nean di anefer. In general, the average

ni oropor ous ski n PORER? fred Gyt entfdinetl! SR ﬂ%&,}ﬂ%ﬂ&@%ﬁ% aBlfifndl 0" €5

of the nmenbranes of e | nvent reater
i sotropic region, tincemants @b@pbreet sﬂvﬁ‘tp@f‘é qUB"'Ch liquid,i gnd Q@ﬁe’@ﬁ?‘rﬂf "b@f i nes

the mean pore size pakbrHa0 Hftdr Bise du%ﬁ&ﬁlﬁé)bt@p,r ﬁglnﬁ&oPlErQﬁs membrane pfodaBtise, 1N
preferred menbranes, SEM s su rane having a mean

m croporous skin pof"’é“%ap\éEb%gz%oﬁmsﬂgé“"ém&%'?'%e pore size of 2 pmor 15
greater througlgout the lsaierrammﬁrmnagthéimhibwnesbfuﬂtmueaﬁmame emrﬂmn

mb h 3 Ki
rovever it wi 1T bebaplf o8 Phpcbalh o tor & e FYEERRRY BHF i Brindd 48
di stribution of portorsmatiars of lasde suriaualpbu;esaﬁ)dtscussed)prewpuslv I'I'il'lelsboem’p!bet ed
that the aCL%ngu}&ogﬁa tﬁ%l'(e?ﬁ‘p'humm?&lﬁ b %kiglcg%??s n}‘l’(@lrd{al R

(i.e., possess sone ore’'sl ze dis case
with any nmenbrane. is the lmportant factorypﬁt:hlshgr ambjent; gotmro:pﬂr@tureégﬂmreéattvends

from the m crogpr OUEwaia;to cah bk hﬁverf r the sarneqm@tn%e t&haershu?eswﬁnaesgtms
substructure through _greater than a out hi ckness t he

nmenbrane. More pref B¥aBng the guenchgath gre: aﬂsegme?rta"t par ametgrﬁt e’ﬁ@"ﬁfﬂ"o‘iﬁ‘gh
greater than 30% 4Qfrmérthe¥x) thdfightér th® mmdtare@hile the warmer the quench, the

more open will be the membrane.
Generally, in the manufacture of membranes in accordance with the

15 invention, casting solution or dispersion temperatures of between about 20
and 35 °C and quench bath temperatures of between about 20°Cand 70°C,
and prefarably 30°C to about 60°C are utilized. The temperature of the
quench bath appears to cause marked changes in the pore sizes of the
microporous skin of membranes and also in the asymmetry in the asymmestric

20 ragion of the resulting membranes. Where higher quench temperatures are
utilized, the membranes possess a larger pore size in the microporous skin as
well as possess enhanced asymmetry in their asymmetric region. Conversely,
where lower temperatures are utilized, smaller pores form and asymmetry is
reduced.

25 Another factor that is important to the manufacture of the membranes
of the invention is the exposure time and exposure conditions that exist
between the casting of the polymer solution and quenching of the membranes
of the invention. Preferably, the cast solution or dispersion is exposed to air
after casting but befors quenching. More preferably, the air is humid (i.e.,

30 greater than about 60% relative humidity). In addition, the air is preferably
circulated to enhance contact with the cast solution or dispersion. Circulation
can be accomplished with a fan, for example.



25 t hi ckness of the nenbrane. In highly preferred enbodi nents, the

| sotropic regi on extends greater than about 20%the thickness of

t he nenbrane. For exanple, in a 250 pm nenbrane the isotropic
regi on extends greater than about 50 pmfromthe m croporous skin

i nto the supporting substructure. Substantially asymetric
or anisotropic lherein. the asymetric 30 region), as used ans
a degree of asyﬁﬁ@?ﬂ imlar to that di scl osed in, Aggﬁﬁéggggﬁ
by, menbranes prepared in accordance with W asi dl o and Zepf

patents. In that regard, the nenbranes of_the present I nvention
have average m croporous skin pore sizes ©f greater than about 1.0

WD .96/ 40421

PCT/ US96/ 10124 The preferred exposure time is generally from_ ablozﬂz 5 seconds to m
whil e on the rever sbout 36, sechadss| drereasingcexpostre time evep shis trapggs dendsr tahel t
during casting, SENhgesRdOPerdibability6r W reRingIhEmBIahSS Abfedr, WieR! iy eat er

than tw ce the average m croporous skin pore size. Thus, the ratio o
i cropor ous skin pdPEO™{re é'“”tedsé%P“S'u‘Prf H'@é‘%‘i"y igjtoR h19§ 'ﬁ'teé’&‘fféFe POra¥ityabout
2: 1, 5 can be detrimentally effected. In such a situation, it appears as though a

relatively nonporous skin results and the membrane ceases to be microporous.
For lateral wicking separation membranes composed of a sulfone
polymer and polyvinylpyrrolidone, we find that a temperature between about -
45 °C and 55 °C results in a highly favorable pore size and degree of
10 asymmetry. Further, the air exposure is preferably accomplished for between
about 10 and 20 seconds where the air prefaerably has a relative humidity of
between about 65 and 80%. However, as will be appreciated, depending on
the particular hydrophobic polymer, hydrophilic polymer, solvent, nonsolvent
(if any), and relative humidity utilized, the optimum temperatures and
15 conditions can be readily determined without undue experimentation. As will
be understood, relative humidity and exposure time are important conditions
that .are generally inversely proportional. Thus, the higher the relative
humidity, the shorter can be the exposure time.

20 Use of the Membranes of the Inyention in Separation Applicatiops
The membranes of the invention are useful for, and exceptionally
efficient in, testing and separation applications. In particular, the membranes
of the invention are unexpectedly efficient in separation and testing
applications. Such devices are also useful in a variety of other testing
25  applications. By way of example, in virtually any situation in which one has
a liquid sample that contains a solid particulate in which the liquid is desired
to be analyzed, one can utilize a lateral wicking design to obtain an analyza'bte
quantity of the liquid not subject to interference of the solid particulate. One
example of the separation and testing applications for which the membranes
30 of the invention are useful in is in diagnostic applications, such as the
diagnostic-type devices of the sort disclosed in Koehen et al. U.S. Patent No.
5,240,862, the disciosure of which is hereby incorporated by referenée. The
Koehen et al. patent discloses a blood separation system including an



5 and in highly preferred enbodinents is 3:1, 4:1, 5:1, or even 6:1 or

greater. Moreover, the asymetry is a conti nuous grad| ent only
within the asymetric region. It should be noted that
the ratio of asymmetry mentioned above is only with respect to the
asymmetry neasured at the surfaces. In fact the 10 asymmetry of the
menbranes of th lon is much greater when the nean Lze
in the asym’retm%éb?%‘gﬂé above the cast surface, are viewed 06116124
cross-section in scanning el ectron mcroscopy. See, for exanple, Figures
5-7. When this is done, the asyrme%%y of the menbranes of the -

I nventi on appears to be greater th about 10:1 or 20:1 or perhaps

as .high as 100:1 org bR ith 1aMd
noti ced by | ooking tﬁr ough t"'h'en m cr'g)‘ggtr"gﬂtg qsol?ltar?t “Sr e%lcg i ma‘hmnthe por e

si zes .in the isotr diyniarrygiephisaipaleseddnikiser o} of. a‘ﬂﬁe?ﬂeﬁhh"’t Be240:86€2 the

in the nicroporous cﬁkd:&urewvmérﬁsherewuféamawaadwrafevurfcb Hacﬁhﬁwmdod
asym‘retry based on surface- S S versus C[ oS na anal ySI S

ace, an s-sect |
20 .indicates thdP®%BRER G‘ZFR ﬁ‘eoPp'"?k‘?(ﬁ?ﬁ?frﬂj"asME‘El?F’éc ’Bﬁ"‘g @ﬁ"r‘?aﬁ’é%

W t hout 5Wi Shrefigered rkyardmmariahty ﬂwmomﬁ:bns:wmaue filbered Youbin thedarget
operation, there are

l.ausi bl e expl.an tions for ki_nni ng
sben i n the. embr ariRiesof e sSvimmetic GemerRasy Bietsrod,pareie, sVoud B | v <
exposed to air, thenisedperovsspdacdtageansact the colletwr gembrdre. fi | m and form t he

I nci pi ent rrenbrane in thﬁwt Q@S{_‘&gl %\é' Hﬁ eﬂe\m?aﬁy %quﬂ:%d a\jvith]&iwf QI ymer

may be gelled in this brief ts t he
quench 1iquid, the detegtionisygteom Hme’pmmeiewp betastadie preseties not present a

m cropor ous S'fb” SRRAE Plashia, He' ﬁ‘fﬁéﬁcb‘b?'aﬁserﬁel%%ﬁ hﬁ%gl@f&é@ﬁn gD cligedor On 1 S

sinply that surface contraction shrinks the pores due to the inherent

di fference in surfd88mBfRBPyiTES devierRiithe K&ﬂ%ﬁ"oﬁé’b?“f’ she,Kizgs et algpaspntare o
30 soap bubbl e tgewer ?éfairé’d?t‘o ad Sveftivhf mmmeweéyﬂﬁneame&hste@matéﬁw r d

E Egr gt ggi; gr adi ent blgr‘)%ssmg enlcgilﬁwr at | n Of ‘%PC}? érrer |t)eoedtor}eilqu0:!r(t gcepla%lrjnea)t 0

passage through the membrane is the operative test of efficiency in such

15 devices, as is the completeness of the separation of liquid (i.e., plasma} from

solid particulate materials and certain other considerations, such as limited

interference of the solid material with the fiquid, and, in biood separation
applications, the limited lysis of cells.

Another type of tasting device designis a "lateral wicking device.” in

20 such a device, as shownin Figure 9, a backing material 20 provides a support

for a separation membrane 21 and a contact membrane 22. The contact

membrane 22 is equipped with chemical reactants (or other detection

facilitators) to allow detection of the presence or absence of the agent to be

tasted for. The separation membrane 21 is used to separate out components

25 in the liquid, such as solid particulates (i.e., cells from blood). The separation

membrane 21 and the contact membrane 22 are in contact at interface 23.

Thus, in operation, the liquid containing solid materials (i.e., blood or other

bodily fluid components) are contacted with the separation membrane 21 at

an application point 24 and the fluid will wick toward the interface 23. Upon

30 wicking, laterally or horizontally, through the separation membrane 21, and

reaching the interface 23, the fluid will enter the contact membrane where it

will react (or not react, as the case may be) with the chemical reactants {or

other detection facilitators) that are provided in the contact membrane 22.
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Additionally, due to the fact that the bubble point of the nenbranes

of the invention are generally higher than what would be predicted for the
pore sizes seen in the isotropic region or in the mcroporous skin, it is
apparent that t t be some constriction in pore size be 5
i sotropic regi oﬁﬁéﬁw e asynmetric region. Surprisingly, comg
reasoni ng woul d suggest that the pores below the m croporous skin should
be smaller than the m croporous skin por € 4.1 N fact, they should grow

progressively smaller with depth, i.e., "reverse asymmetry". Diffusion is a
sl ow.process. Thus,gcRReqoRTah rbs%ta@étéarbyf 9 Uiy BEL@Hud SodFhiGLEP B Wk, SKi N
10 shoul d be exposed to or "see" |ess water vapor and, therefore, be
smal | er. well knpyen irthe atenbr anes appear to confirmthis

conventional reasoni ngham-vm be appred'a%u@ thé@eeitﬁ@tamdmaiewmmb&mmaenaki n L 0
t S r ont st, the
ggr Ie 2 vgrelslj\(l)vnt Egl nm m’o L??V'g% is tﬁlehraﬁ]gf wnc‘ung o? ehe appropnate llquja tﬁrougﬁ %19

5 membrane as well as the completeness of separation of the liquid from any
solids. Thus, in blood separation contexts, speed of plasma passage laterally
through the membrane is the operative test of efficiency in such devices, as
is the completeness of the separation of plasma and limited lysis of celis.

The membranes. of the invention are particularly efficient in use as

10 separation membranes 21 in lateral wicking devices. When a solid containing
liquid {i.e., blood) is applied to the more open surface of the membrane and
at one end of a narrow strip of this membrane, it begins to wick through to
the tighter surface and toward the other end of the strip. The relatively large
particles li.e., blood cells) are restrained (filtered out), while the liquid (i.e.,

15 plasma) continues to flow. In a device, the liguid (i.e., plasma) permeates the
strip and reaches a second membrane, .g., nitrocellulose, which contains a
testing reagent (i.e., an enzyme, antigen, or antibody linked reagents).

Fast wicking is important. The higher the membrane surface porosity,
the faster the plasma transfer rate. Simply providing a high degree of

20 asymmetry does not necessarily translate into an enhanced wicking rate. Low
degrees of surface porosity, even with a high degree of asymmetry, appears
to cause blocking or clogging of the solid containing liquid, with consequent
slower saparation than is possible through use of the membranes of the
present invention.

25 The current membranes contain high concentrations . of
poly(vinylpyrrolidons) (PVP), which makes the membrane hydrophilic and also
infiluences the pore size and structure. Moreover, because the PVP is included
in the formulation, there is no need for a second treatment with
hydroxypropylcellulose to make the membrana hydrophilic.

30 The driving force for fast wicking is the hydrophilicity of the PVP in
combination with the pore structure, whereby liquid is sucked into the
membrane by capillary forces and solids are retained in the mors open
support. PVP also increases the dope viscosity and siows down the



nmenbranes of the invention appear to be-ef—the—same—size or |arger than the

15 pores in the m croporous skin andir Bhes RS ctgdsotropl c or
oﬁmﬂ rrbranes of the
y process”

honbgeneous pore distribution thro
Therefore, it appears that the isotropic rdg
I nvention is created by or is at |east initl

I nteraction bet ween the water vapor in the air and t he gol ner f| | m
whi ch causes 20 WO%%MBYeneous or isotropic formation. This is to
menbr anes prepared from cel |l ul ose m xed esters or cellul ose n| trate
menbr anes. However, it appears as | hough there is relatively

limted evaporation of sol vent or “fion- sol vent (dependi ng on, anong
ot her things, expos LJXE.

guenched, the quencg&?elr%}tﬂgﬁ s%:éx%éexcfrange '8‘4 Qmﬂﬂ‘%%b Mmd& I‘OpPC regi on
and creates and fi xesymmetraSoundein istandad orembranes. The gelatloanmnﬂésb@bt to
the possible ConStr’é&ﬁ%e‘?&qualg@ P& b tarfl b il Bidk bHgher temperatdfd BN £ N
i sotropic region an e asyme r|c regi on, discusse whi ch
woul d assi st in expP#RHSN "!91@ agyrgmetic wreéarserswvwe. weaarfmemp size)

anal yses (i.e. 5 1. Opfafibrane thawuedsch lowdr RipaRabrettie Si ze), there may be 30
a process of internal "skinning akin to the mcroporous skin formation in
W asi dl o and Zepf nenbranes. Support for th| S p055| bi I|ty i's gl ven by
M chaels in U S. Patent NEXAME RELA » it S

fjllg_Cl osed that a gradi eNimd %IFO\A% uexgr'ijtpﬁs r%Fa!E' §0V\{p,§an\ﬁufgch ?E artu:ourllarI nto

microporous membranes in accordance with the present invention. Such
10 examples are meant to be illustrative of the various casting conditions that
can be utilized to manufacture membranes in accordance with the invention
and to provide guidance as to the manners in which conditions can be
modified to achieve particular properties in the resulting membranes. As.
such, the following examples are illustrative and not limiting.
15
EXAMPLE 1
Ei f Exposure Time and Humi
In this example, we prepared and cast membranes prepared from a
homogeneous solution of polysuifone and po!vvinylpyrfolidone in tertiary amyl
20 alcohol as the solvent. We prepared two separate membranes from the
solution, with each membrane prepared with a different exposure time and
humidity, as follows:
A homogeneous casting solution was prepared from 12.7%
polysulfone polymer (Udsl 3600, manufactured by AMOCQ Co.), 2.3% t-amyl
25 = alcohol, and 16.6% of polyvinylpyrrolidone (PVP, MW 40,000). The casting
solution was maintaihed at room temperature {approximately 20 °C) and two
separate membranes were cast. Casting was accomplished using a casting
knife that had a gap of 22-mils, onto a moving belt of polyethylene coated
paper.
30 The films were exposed to air, as shown in the following Table:



a cast filmis restricted by a tlghtened-skln whi ch |s formed by the water

in the first I nstance. O, alte ee %‘cussed above, it
i's possible that while the nenbra roplc regi on
appear to be isotropic on visual inspectio have a pore

di stribution that accounts for the poronetry data and hi gher bubbl e poi nt
5 t han one, nticipate in view of the |large pore si
Accordi ngly, the ?t’?’h%?ﬁre of the menbranes of the present inven Rl

di stinct fromclassic asymmetry in that the nenbranes of the
i nvention are substantially nonagymetric (i.e., are isotropic)
fromthe mcroporous skin to a point bel oW t he surface, defined
herein as the isotropic region, di scussed,- @4fi- The isotropic region 10
of the menbranes generall y_occurs in |ess Than about 50% of the_ thickness
of the rrerari_Lqm Yereps, conve t o U at Qb SS|EC S ‘_rFme Yy,
for exanple, in Wdsidlo 1%9‘ s F“ﬁfy asy I egi on
occurs throughout ffhe entire, of ° s bstan ly the ;‘

. { C) .
menbr ane t hi ckness |=tt=thbe=uinpabi- oot it taiita sl O egl on

bel ow t he skin has | nver 3g or r =ver2§e3(ﬁga ry, 190% beI W tha@o has J. I ght

15 convent i offat—3a y

vi scosities of the[~_;;#13_ . D

structure. 5 Ther ef or e, coIquU|aIIy speaklng, the “TEnDr anes
of the invention can be viewed as having a funnel structure in

terms of the flow channdhememranes weresuenphasigh wigterbpth at a temperatutgAfdness
of the nmenbranes. k. ANBMPbfYulstibs, hE MSMBIBRIs Ware W diHed with|deitn2Bd whier t he

20 nmenbrane fr mthe rface that unex sed dur| astin

very large. This i sa" air dried. #‘PﬁBa’ %Wm?g‘er'%ﬁ# aps W&‘d?g\?spond
'to the coni calopor tfoiswing Tableunnel . As t he I i qui d fl ows through

t he nenbrane, the pore sizes or flow channels gradually constrict,
until, finally, the liquid enters the generally isotropic region which

cont ai ns pore sizes or flow charMLsLMf substantiall y constant
dianeter, then flows out Ag,__ﬁ_{,__,_,, N ,,,,,__,#__________m_m_‘-,,_#51 t he

i sotropic region correspo
The structure of a typica
from a di sper si of<%=
have m croporous skin

surface pore sizes of, o

15 L 150 mi/min N/A J'

pr epar ed
PR ! menbr anes
avElg dge 2pm cast
1a an

p«bmsmmn n oh &

1 Water permeabilities were measured at 10-psid on a 47-mm diameter
disc {9.5 cm?).

20 Figure 1 presents a pair of scanning electron micrographs (SEM’s) of
Film No. 1. Figure 1ais a top view of Film No. 1a, showing the microporous
surface of the membrane. Figure 1b is a cross-sectional view of Film No. 1a.
In the Figures, it will be observed that the membrane shows very littie

25 asymmetry and low surface porosity.

The water permeability results indicate, however, that permeability
increases with incr_easing exposure time. However, it also appears that
prolonged exposure to high humidity, however, eventually decreases the
surface porosity and may be detrimental to asymmetry.

30 ’



and, in cross-section, denonstrate an isotro |c

-17- region including pores siz ﬁ?extendlng from
the m croporous skin t hrough appr f the thickness of
t he nenbranes, followed by an asy t hat opens from
pore sizes of approximately 2 pmto about 50 pn1 fromthe end of
the isotropic region to the cast surface. As will be appreciat Q&Qﬁuuih
degree of asymmet ’ d on these observations is apprOX|nateI

particul ar menbranes of the Figures have water bubble points of between
6,870 and 34,400 Pa (between 1 and 5 psid). The nenbranes shown in
Figures 5 through 7 have very sifilar structures but possess nean

fl ow pore sizes of about 4.3 pm (Figure 5), 2.6 pm (Figure 6), and
3.8 pm (Figure 7), respectively, as mas%%oulter 10 poronetry.

Preparation of the Menbranes of t héffestsofiQuench Temperature CGeneral ly

menbranes in accordance y i L%dl@wgﬂeﬁgreﬁrﬁldm'agpﬁfe%réﬁaﬁ Btiplred from a
conventional approaghes. A pol cas sol ution or dispersion is

prepared which 15 °"!°§e’ter?é'ﬁ s&'é.’gt’" °E)?ﬂ'M teneend ppbavinylpyrelidang Jp Wimethvlor o

pr edet er mi ned [Eeri odorddaniiid®s the solvent. waaﬁphd@ertmueaséwﬁ méinb?arﬁH%rfEdh’q m&nt
bath. Preferred castlngsol utions with or w t% and

e
casting processes aSalugpR. . with, gagh, membrane prepare'é with a dlfferent quenc\f'n
temperature, as follows:

A homogeneous casting solution was prepared from 11% polysulfone
polymer (Udel 3500, manufactured by AMOCO Co.), 15% of
10 polyvinylpyrrolidone (PVP, MW 40,000}, and 74% dimethyl formamide. The
casting solution was maintained at room temperature (approximately 20 °C)
and three separate membranes were cast. Casting was accomplished using
a casting knife that had a gap of 24-mils, onto a moving belt of polysthylens
coated paper.
15 The films were exposed to air, having a relative humidity of 75%, for
24-25 seconds. After air exposure, the membranes were quenched in water
baths as shown in the following Table:

JABLEV

20 Film No. Quench
Temperature

{°C)

2a 48 °C
2b 56 °C
2c 65 °C
—— — —_ ___—_____
25 Following quenching and coagulation of the membranes, the

membranes were washed with deionized water and air dried. The
characteristics of the resulting membranes are shown in the following Table:



Casting Solutions Wth or Wthout Nonsol vents 20 Menbranes. in
accordance wth the invention crfshe Ha BeaRethcéd om honbgeneous
solutions as well as dispersiong. _ enbodi nents, the

menbranes of the invention are onbgeneous sol utions.
Honogeneous sol utions can be prepared through use of solvents

al one, or in conbination with nonsol vents. Menbranes_prepared. from
di spersi ons canVR%4842ked with bubbl e points 25 in the saHET’BE%@P’&f
range as those made from honbgeneous sol utions. However, such
menbt anes generally require | onger periods of exposure to the air before
quenching. Figures 1-4 show the structuf®-of a menbrane produced from a
honogeneous sol utions, w thout the use oi%E@giﬁlvents, as seen through
scanni ng el ectron m croscopy, | g m croporous skin surface
and cross-sections of thf 30_" 0T <

of the invention are prejeraﬁV?“Bre

sol ution containing a hyf
WO 96/ 40421

3750 mi/min
“ 2b 5712 mi/min Figure 3
5 “ 2c 6000 ml/min Figure 4
! Water permeabilities were measured at 10-psid on a 47-mm diameter

disc (9.5 cm?).
10
Figure 2 is a scanning electron micrograph {(SEM) of Film No. 2a
providing a cross-sectional view of the membrane. Figure 3 is a scanning
electron micrograph (SEM) of Film No. 2b providing a cross-sectional view of
the membranse. Figure 4 is a scanning electron micrograph (SEM) of Film No.
15 2¢ providing a cross-sectional view of the membrane. In the Figures, it will
be observed that the membranes increase in asymmetry as the temperature
of the guenching bath is increased. In addition, the pore size in the
microporous skins of the membranes appear to increase as the temperature
of the quenching bath is increased. -
20

EXAMPLE 3
Casting Solution Containing Nonsolvent;

In this example, we prepared and cast membranes prepared from a

25 dispersion of polysulfone and polyvinylpyrrolidone in dimethyl formamide as

the solvent and water as the nonsolvent. We prepared four separate

membranes from the solution, with each membrane prepared with a different

air exposure time, with or without circulation of air, and quench bath
temperature, as follows:

30 A casting dispersion was prepared from 10.6% polysulfone polymer

(Udel 3500, manufactured by AMOCO Co.), 15% of polyvinylpyrrolidone

(PVP, MW 40,000), 73.9% dimethyl -formamide, and 0.56% water. The

casting solution was maintained at room temperature (approximately 20 °C)
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enbodi nent s,
polysulfone,
pol ysul f one,
AMOCO.

10

15

20

25

pol yner),
pol yvi nyl pyrrolidone),
pol ymer and the hydrophilic poly
t he hydrophobic poIPMﬂ'
pol yaryl sul f one,
and nost preferably Udel
WO 96/40421
Structure of Polysul fone 15
pol ysul fone is utilized,
bet ween about' 8-17% or nore preferably

a hydrophilic polymer (i.e
and a s

U, is@RdeEHas Been Replaced SOl vent for the hydrophobic

U ﬂ“ﬂj In preferred

“one pol ymer (i.e.,

one), and 5 preferably
3500 pol ysul fone from

Structure of Pol yethersul fone [ erfqT/US96/10124

[err] 20 Wer e
t he polyner concentration is generally
P& ween about 8-15% and nost

and four separate membranes were cast. Casting was accomplished using a
casting knife that had a gap of 24-mils, onto a moving belt of polyethylene
coated paper. The casting conditions used in connection with the casting are
shown in the following Table:

TABLE ViI
Film No. Air Quench Bath Air
Exposure | Temperature Circulation
Time {°C)
{sec)
3a 20 55 °C Yes
3b 32 51 °C No
3c 14 48 °C Yes
3d 18 45 °C Yes

The relative humidity. of the air used in each run was 80%. Air
circulation was accomplished with a fan. Following quenching and
coagulation of the membranes, the membranes were washed with deionized
water and air dried. The characteristics of the resulting membranes are

shown in the following Table:

TABLE VIl

Water Structure

Permeabilities!

Coulter
Mean Flow
Pore Size

{um}

4,000 ml/min Figure 5

" 3b 0.42 500 mi/min N/A
3c 2.6 4,800 mi/min Figure 6

3d 4,800 ml/min N/A

Water permeabilities were measured at 10-psid on a 47-mm diameter
disc (9.5 cm?).



preferably between about 10-12% The hydrophilic polyner
may be any polyner that is conpatible with t he hydrophobic
polymer. In preferred enbodi nents, the hydrophilic polyner 25 S
pol yvi nyl pyrrol i done, preferably having a nol ecul ar wei ght of approximtely
40, 000. The hydrophilic polyner is included at between about 5-25% nore
preferably between” about 10-20% and nost preferably between 12-17%
The solvent is QWL so as to be a good sol vent for each oFCTHEI610124
hydr ophobi ¢ pol ynmer and t he hydrophilic polyner. Where the hydrophobic
30 polyner is polysulfone and the hydrgphilic.polyner is ‘
pol yvi nyl pyrrolidone, we have'?gﬂnd that N-nethyl pyrrolidine,
1

o e O, o B! Mg i of scal R A PSS REE Y L, 52
is utilized as theFibnNeeB4.. Figure 5ais a top view/\6F Eigi MG.4a] showing the microporous
PCT/ US96/ 10124 surface of the membrane. Figure 5b is a cross-sectional view of Film No. 3a.
In general, polynmer solutions In acco?dénce mntﬁ t%e I nvention are
in the Figures, it will be observed that the membrane shows good asymmetry,
5 however, relatively Jow surface porosity. Figure 6 presents a pair of scanning
electron micrographs (SEM'’s) of Film No. 3c. Figure 6a isa top view of Film
No. 3c, showing the microporous surface of the membrane. Figure 6b is a
cross-sectional view of Film No. 3c. In the Figures, it will be observed that
the membrane shows good asymmetry and enhanced surface porosity relative
10 to Film No. 3a. _
The permeability for all of the membranes, other than Film No. 3b, are
guite good. In addition, the Coulter data on all of the membranes, other than
Film No. 3b, are in a good range. It appears as though whether the humid air
is circulated or not, the exposure time to the humid air, and the temperature
156 of the quench bath, each combine to profoundly effect the pore size. The
long exposure time in Film 3b, without circulation, and the relatively enhanced
quench temperature, presumably combined to form a very "tight” microporous
skin. With respect to Film Nos. 3a, 3c, and 3d, the circulation of the humid
air appeared to assist in opening the pores. The quench temperature and
20 exposure time appeared to open the pores in 3a more than 3¢ or 3d. Further,
exposure times and quench temperature appear to be capable of independent
variation to obtain similar porosities as is observed by the results in respect
of Film Nos. 3c and 3d.
in addition, it is intriguing to note that it is not pore size alone that is
25 determinative of the water permeability. Film No. 3a, while possessing larger
pores than Film Nos. 3c and 3d, had reduced permeability. This appears to
be due to a reduced skin pore distribution as seen in Figure 5a when
compared to Figure 6a.

30 EXAMPLE 4
Effect of PVP Molscular Weight

in this example, we prepared and cast a membrane prepared from a
dispersion of polysulfone and polyvinylpyrrolidone in dimethyl formamide as



prepared as shown in Table I:

TABLE | 5 Const it uer'{ is Sheet Has Been Replaced Rati o
Hydr ophobi ¢ Pol yner "m ""ﬂ "l II Hydr ophilic
Pol ymer 5-25% | vent

Bal ance 10 In highly preferred enbodi nents, pol yner solutions
are prepared as ’ shown in Table I1I:

TABLE | | WO 96/40421 Const i t uent PCT/USO6AR24
15 Sul f one Pol yner 8-17%

Pol yvi nyl pyrrol i done 5-25% Sol vent

Bal ance Part lal or corrpl et e3di "spersion fornul ati ons can be

prepared through the, 2 i ncl usj on qnsa ] eas
hydr ophobi ¢ pol yner . h,g veRLAN] wateras t 3"%5 E?"tné@eﬁﬁstﬁ’@cfé’hm% \qaﬁé:repared
formul ations in suff fromelru.ewtnﬂtsummdlme?ﬂm 8500, manufactuhed pg AMQCO Cajt i ng
dope. O, smaller quem%l td 3 oR/vmy pr\}?rgﬁ o%gt ?Pv@ymm L&éﬂ'é&tﬁd 79.4% dimethyl
. formamide, and 0.5% water. The casting solution was maintained at room
5 temperatufe (approximately 20 °C) and casting was accomplished using a
casting knife that had a gap of 18-mils, onto a moving belt of polyethylene
coated paper. The cast solution was exposed to circulating humid air (70%
relative humidity) for 20 seconds. The membrane was quenched in water.
Following quenching and coagulation of the membrane, the membrane was
10 washed with deionized water and air dried. The characteristics of the
resulting membrane is shown in the following Table:

TABLE IX

Film No. Water Structure

Parmeabilities’

15

4,000 ml/min Figure 7

Water permeabilities were measured at 10-ps|d ona 47-mm diameter
disc {9.5 cm?).

20 Figure 7 presents a pair of scanning electron micrographs (SEM’s} of
Film No. 4a. Figure 7ais a top view of Film No. 4a, showing the microporous
surface of the membrane. Figure 7b is a cross-sectional view of Film No. 4a.
In the Figures, it will be observed that the membrane shows good asymmetry

25 and a high surfa:ce porosity. The surface porosity appears enhanced relative
to Film No. 3a (Fig. 5a) but slightly reduced relative to Film No. 3¢ {Fig. 6a).
Interestingly, the surface pore structure or distribution in Film No. 4a appears
almost as a median between the few surface pores seen in Film No. 3a (Fig.
5a) and the multitude seen in Film No. 3c (Fig. 6a).

30 '



to form honpgeneous sol utions. Were a c ete di sperS| on is desired, one
can add tertiary anyl ‘alcohol in a suffic ee cgi repl ace or

suppl enent 25 wat er as the nonsol vent. i ons of

nonsol vents, or single speci es of n be utilized in
accordance with the invention to prepare castl ng dopes with
particul ar qualities. H gh nonsol vent concentrations can.be used
to create di sper YOSE4M3t nul ations, whereas, |ower nons o PCEY6/10124
concentrations can be used to form honogeneous sol utions. 30 Quantities
of nonsol vent can be varied from about 0.1% through about 10% “In

preferred enbodi nents, water is utilized a %"he nonsol vent in an amount
WD .96/ 40421

PCT/ US96/ 10124
effective to prepare a honbgeneous atpl e, where wat er

casting o0 % dope from Hoixeahp e o'ag%eé’%ﬁ%?és?moﬁ)e‘@%awé’rah@g%=
preferred embbemaganegys selutivroaf polyddbone and polyvinylpyrrolidone in dimethyl
5 formamide as the solvent. The casting solution was prepared from 11%

polysulfone polymer (Udel 3500, manufactured by AMOCO Co.), 5% of

polyvinylpyrrolidone (PVP, MW 10,000), 13 % t-amyl alcohol, and 71%

dimethyl formamide. The caéting solution was heated to 40 °C and casting

was accomplished using a casting knife that had a gap of 20-mils, onto a
10 moving belt of polyethylene coated paper. The cast solution was exposed to
circulating humid air (50% relative humidity) for 7 seconds. The membrane
was quenched in water at 43 °C. Following quenching and coagulation of the
membrane, the membrane was washed with deionized water and air dried.
The characteristics of the resulting membrane is shown in tha following Table:

15
TABLE #
Film No. Water Structure
Permeabilities’
1552 mi/min
20 1 Water permeabilities were measured at 10-psid on 2 47-mm diameter

disc (2.5 cm?).

It appears as though the low relative humidity may have played a role
25 in the poor permeabilities achieved by Film No. Ba.

EXAMPLES RELATING TO LATERAL WICKING APPLICATIONS
The following examples relate to use of the membranes of the present

invention in lateral wicking applications for use as testing devices. Such
30 examples are meant to be illustrative of the various testing applications in
which the membranes of the invention can be used and to provide guidance
as to the efficiency of the membranes of the present invention in such
applications. As such, the following examples are illustrative and not limiting.



5 Casting Solutions to Form Menbranes The

pol ymer solution is typically cast into a thin film exposed to a

gaseous environnment for a predeterm ned period of tinme, foll owed by
guenching in a nonsolvent for the polynmer (particularly, a nonsolvent for
the 10 hydr ophobi ¢ pol yner. The nenbranes of the invention
can be cast using any conventional procedure wherein the castin

di spersi on or soMRMs spread in a |l ayer onto a nonpo?%s%'&%%rt
fromwhi ch the nenbrane can be | ater separated after guenchi ng. The
menbranes can be cast either manually (i.e., poured, cast, 15 or spread
by hand onto a casting surface and quench t#8aid applied onto the

surface) or automatically (i.e., poured or 8? Sﬁﬁg se cast onto a noving
bed) . A preferred support is polyet ated paper. In casting,
particularly in autweBsrefaredi Teitaip, saMmis nf catmbnes iie ascardandec withed.

Mechani cal spreaders . I,se readi ng, kni ves " t ade, » or
spray/ pressuri zed sys‘f°é’ﬁg‘.jm%8’eg'p o tré?%‘P?@%f"gsbef'ggﬁPhgség\??@g'%{gdgMarcﬁ 4,
extrusi on di e or sl ot199%htherdiscidsureof which is herehpincerperateddiyaatesance fdesignatedh
the casting fornyl ati : be, 1 ntLQd : ‘
pressure throughnya nar?ér?%'\ﬁv%gFgﬁ 'ér{&né‘lggﬁgﬁq%bgaTs{,éo@%&%&%&@&ﬁ@%&y Qﬁe e\'/\ﬂ/eers e
cast by neans of a dowithmeashbraresvproducediiniaceordanseodvit ¢ipe preisent invention. Afheut

500 through about 800g{dy 4 gh?:g@?_g REREEReS R prtgﬁgrepgg fa{?iv%ger . preferably

about 700 pm OW ng casti ng, e cast on or
solution is quenched. In a preferred enbodi nent, quenching is
acconpl i shed by noving the cast meniyadle N a noving bed into the
.quenching liquidg i.e., as a bath. The

commonly of water, thE=temrermrore=ot—vrcrTs L r
the casting tenperat i BEH
preci pitates or coag ' BT BT oI els

"m croporous skin" ha

10.72% Polysulions

15.56% t-amyl alcohol
73.72% Dimethyl Formamide

15
The BTS-11 membranes possessed average microporous skin pore

sizes of approximately 0.8 ym and the BTS-X membranes possessed average
microporous skin pore sizes of approximately 3.2 um, as measured by
Coulter.
20
EXAMPLE 7
The BTS membranes prepared in Example 6 were compared with
membranes prepared in accordance with the invention for lateral wicking
rates. We looked at the rate of wicking of water, a blue ink solution, and
25 whole mammalian blood. Deionized water was used for the water test, the
blue ink solution was a 2% solution of methylene blue, and whole sheep’s
blood was used for the blood sample. We also looked at the rate of transfer
of separated plasma (from the blood) after it had wicked laterally through the
membrane and had contacted the contact membrane {for exampie, see Figure
30 9), which was a nitrocellulose membrane. The results from these tests are
shown in the following Tables:



havi ng the characteristic structure. The resulting nenbrane is ordinarily
WO 96/ 40421

PCT/ US96/ 10124 - 21 -

washed free of entrained solvent and may be dried to expel additional

i ncrements of solvent, diluent, and quench liquid, and thus recover the
menbrane. After the guenching step, the m croporous nenbrane product is
typi cal ly about X*%84300 nicrons thick. 5 Gener al §GF/US9§{10124
preparing the nenbranes of the invention, the cast film shoul d be
exposed to air for a time sufficiently [ ong_enough to induce the

formation of |arge surface pores, as di scus&a previously. The shorter the
exposure, the higher the humdity nust be, iﬂﬂbﬁéfe versa. The total

hum dity is the inmportant factor. At

tenperatures, the rel .i“"‘VT*‘i ] =Camn 1 . rilz
The tenperatures of t ifking, : _ 3y Boy
i mportant paraneters. fiin _gener alf (SpES cm strip) |, {56 cip gk | Pore,Size ik 4

‘the menbrane, while t

5
Blue Ink Wicking Sheep Blood Wicking Plasma Transfer
{sec/3 cm strip) {sec/2 cm strip) to NO,-Cellulose
{1 cm)
Good Blood/Plasma Not Measured
Separation
Slow Wicking
10 Moderate Blood/Plasma Not Measured
Separation
Slow Wicking
Not Measured Not Measured
120 sec. 250 sec.
35 sec. 90 sec.
15
Preferred membranes of the invention for blood separation applications
exhibit lateral wicking of water at a rate faster than 2 mm/sec. and preferably
faster than 3 or 4 mm/sec. In addition, such membranes preferably exhibit
lateral wicking for mammalian blood at a rate faster than 0.3 mm/sec. and
20 preferably faster than 0.4 or 0.5 mm/sec. As will be observed from Tables
X1 and XIt, membrane 3¢ exhibits exceptional speed in both water lateral
wicking rate and blood plasma wicking rate. The water wicking rate is
approximately 5.45 mmj/sec. and the blood plasma wicking rate is
approximately 0.57 mm/sec.
25 In addition, the plasma transfer rate to nitrocellulose for membrans 3¢

is substantially better than that observed for the BTS-X membrane. Without
wishing to be bound to any particular theory or mode of operation, it is
believed that the plasma transfer rate to nitrocellulose is related to the degree
of porosity of the microporous skin of the membrane. As seen in Figure 6a,



nore open wll be the nenbrane. Generally, in the manufacture

of nmenbranes in accordance with the 15 I nvention, casting solution or
di spersion tenperatures of between about 20 and 35[err] C and quench
bat h tenperatures of between about 20[err]C and 70[err]C, and

preferably 30[err]C to about 60[err]C are utilized. The tenperature of the

quench bath appears to cause marked changes in the pore sizes z’%ﬁﬁé‘
m croporous skin Mé%br anes and also in the asynmetry in thecpg 0134

20 region of the resulting nmenbranes. Were higher quench tenperatures
are utilized, the nenbranes possesssg.l arger pore size in the
n

m cr oporous skin as wel | as possess hanced asymetry in their

metri ion. Cq I . I .
e el or” oo BEA'S o1t i P B o
Anot her factor that ippssespes & anty high tegreerahpdérasityur Eheoiidrogorownskirapere sizes
of the invention IS G ebRast b fastRRICRRSHLE ANl AHS bRl

bet ween the casting o e pol ymer l'on and qguénching of the ne
of the invention. Prdheapabhdjowerneredensitybl uti on or dispersion is exposed to

! ; : . ed
ar r aft &g castingplpl gdifyl c%ncﬂggéo%éirwefg{:p%B §oiPh ?f‘?@%’?‘%’“@ﬂﬁa’ﬁf"é 'S

;
humd (i.e., 30 greater than about 6( Ive hum dit L t1on,
the-air is preferabl yhrough obtaiging &, seansingt eJeetrom mierogignk it thej surface of that

sol ution or dispersi qRemfrahé &F 34teRi3t of a given SQULrd JUAREL Bi¥a! Sf¥Conibuting ahé an,
for exanple. number of pores contained in the given area. The number of pores computed
to be in a given square area can be normalized to a particular reference square
10 area through a simple ratio. For instance, below, the pore density figures for
particular membranes is given in number of pores per 1000 gm2. For
comparison purposes, in a BTS-X membrane, there are, on average,
approximately 8.81 pores/1000 ym?. In contrast, membranes prepared in
accordance with the present invention possess greater pore density. The
15 membrane shown in Figure 7a, for example, has approximately 12.79
pores/1000 ym2. In addition, the membrane shown in Figure 8a has
approximately 18.41 pores/1000 gm?. Thus, preferred membranes prepared
in accordance with the prasent invention can be characterized as possessing
a pore density greater than 9 pores/1000 gm% In more preferred
20 embodiments, the pore density is greater than 10 pores/1000 #m?, and even
more preferably, greater than 11 or 12 pores/1000 ym?,

EQUIVALENTS _
The present invention has been described in connection with specific
25 embodiments thereof, it will be understood that it is capable of further
modification, and this application is intended to cover any variations, uses, or
adaptations of the invention following, in general, the principles of the
invention and inciuding such departures from the present disclosure as come
within known or customary practice in the art to which the invention pertains
30 and as may be applied to tha essential features hereinbefore set forth, and as
fall within the scope of the invention and the limits of the appended claims.
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'Flzﬁll :)Jrsgflerl(r)étzjélexposure time |Ulw UJIIL“IIUIIIMUHIabout 5 s-egtz);lds to

about 35 seconds. Increasing exposure i m®, bver this range, tends to
increase permeability of the resultlng menbr ane. However, where the

exposure tine is too long, or, the humdity is too high, the s
porosity 5 R ot 1 rrentally effected. In such a situat*;‘[l#{gg’(‘%’l"n24

appears as though a relatively nonporous skin results and the

menbr ane ceases to be m croporous. For lateral w cking’

separ ati on nenbranes conposed of a sul fong 36~ pol ymer and

pol.yvi nyl pyrrol i done, we find that a tenper bet ween about

45[err]C and 55[err]C results in a highly f | e pore size and degree of
10 asymet ry. Fur WHAT WESLAIM ISexposure is preferably acconplished for
bet ween about 10 afd 20 Se i
relative humdity of i bel?'\?\eﬁgn g‘bo%ﬁé ?olgnﬁr méngﬁérgmgér?rgwﬂag%\?\?ﬂmbe

appr eci at ed, dependi Hyoush co-casting; the fonp rehvamer hyith & hydroehilin ipplvmer. the

hydrophi l'ic pol grer, magibysat co ?ﬂﬁﬁﬁ £ Microporous ﬂdrf aA8Ya p&&ﬁ% lsBpptrt, Vﬂie
humdity utilized, the optinum. eratures and condi tions can

readily deterni ned WINGiBRATOUR kiR @ﬁfﬁﬁ?‘%f‘i&f‘lw dﬂ%s'% nd the p°"°“‘b§“pp°’t
understood, relati vecbmmsihd #n moamneﬁ;uﬁ of tsuﬁata:&ramy | ddRStahE pore Siied ishd @S

e ot OEer o b LG By B B o b g LeE S, L1 el el Ve
Menbranes of the Inventio® in 'Bmaemblana of\Qjdirh da wherein the membrane comprises
10 a mean fiow pore size of from about 1 ym to about 5 yum.
3. The membrane of Claim 1, wherein the sulfone polymer is
selected from the group consisting of polysulfone, polyethersulfone, and
polyarylsulfone.

4, The membrane of Claim 1, wherein the hydrophilic polymer
15 comprises polyvinylpyrrolidone. '
B. The membrane of Claim 3, wherein the hydrophilic polymer

comprises polyvinylpyrrolidone. _
8. The membrane of Claim 1, wherein the membrane possesses
a lateral wicking speed of water of at least 2 mm/second. .
20 7. The membrane of Claim 1, wherein the membrane has a
thickness and isotropic region extends f!;om the microporous skin through
about 15-25% of the thickness. ‘
8.. An integral sulfone polymer membrane, rendered hydrophilic
through co-casting the sulfone polymer with a hydrophilic polymer, the
25 membrane comprising a microporous skin and a porous support, the
microporous skin possassing a high pore density and the porous support
comprising anisotropic region defining flow channels of substantially constant
diameter and an asymmetric region defining flow channels of gradually
increasing diameters,
30 9. The membrane of Claim 8, wherein the membrane comprises
a mean flow pore size of from about 1 gm to about 8 ym.
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The menbranes of the invention-are—useful—for— and exceptionally

efficient in, testing and separati | i . In particular, the
menbr anes of the inventi ar'mﬁm BE t"%[y efficient in separation
and testing applications. -al so useful in a variety

of other testing 25 applications. By way of exanple, in virtually any
situation in which one has a liquid sanple that contains a solid
particulate in WP |iquid is desired to be anal yYEHUSHI2A
utilize a lateral w cking design to obtai.n an anal yzabl e quantity

of the liquid not subject to interference of_the solid particulate. One
exanpl e of the separation and testing appl T84fi ons for which the nmembranes

exanpl e of the sepa sting appl T¥4¢i ons for which tl
the ' "di agnost i o- yn@- oThe stetuiried 8t uft g bl fhe Riengiiaamietd, °°

U. S. Patent No. selectad2ffom8fha, grbep diossistrgu ok paysulfienehpolgethensolfigne, and
I ncorporated by refer Koehen et al. patent discloses a
bl ood separation syst %M%ﬂTﬁg?'ng an WO 96/ 40421

PCT/ US96/ 10124 " The membrane of Claim 8, wherein the thydrophilic polymer

5 comprises polyvinylpyrrolidone.
12. The membrane of Claim 10, wherein the hydrophilic polymer
comprises polyvinylpyrrolidone.
13. The membrane of Claim 8, wherein the membrane possesses
a lateral wicking speed of water of at least 2 mm/second.

10 14. The membrane of Claim 8, wherein the membrane has a
thickness and isotropic ragion extends from the microporous skin through
about 15-25% of the thickness.

15. A method to prepare a hydrophilic integral sulfone polymer
membrane, the membrane comprising a microporous skin and a porous

15 support, the microporous skin possessing a high pore density and the porous
support comprising an isotropic region of substantially constant pore sizes and
an asymmetric region of gradually increasing pore sizes, comprising:

providing a casting dope comprising between about 8% and
17% by weight of a sulfone polymer and between about 5% and 25%
20 by weight of a hydrophilic polymer, dissolved in a solvent;
casting the dope to form a thin film;
exposing the thin film to a gaseous environment, including
water vapor at a relative humidity of between about 50% and 80% for
between about 6 seconds and 35 seconds; and
25 coagulating the film in a water bath having a temperature
between about 20 °C and 70 °C and recovering the membrane.
16. The method of Claim 15, wherein the dope is a homogeneous

solution.
¢ _ 17. The method of Claim 15, wherein the dope additionally
30 comprises a nonsolvent for the sulfone polymer.

18. The method of Claim 15, wherein the dope is a dispersion.
19. The method of Claim 15, wherein the membrane comprises a -
mean flow pore size of from about 1 g#m to about 5 ym.
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asymretric membrane in intinmate contact—wi-th—a-collector nmenbrane. A
simlar systemis disclosed in Kise tent No. 5, 240, 862, the
di scl osure of which is her eby i nco [ﬂ\i@ !ngﬂk ence. I n each, whol e

bl ood may be applied to the *an asynmmetric marrbr ane

(that is, or is 5 render ed,- hydr.ophi |IC) and the blood cells will be
filtered out in the | arger pores of the asymmetric nmenmbrane, wth
pl asma passi ng t WS¢ he m croporous surface to cont FCAUSp0124
col | ector nenbrane. The coll ector nenbrane is generally

equi pped with the analyte - detection_system Thus, when a noiety to
be tested is present or not present 10 TR8f he pl asma the presence or

absence can be registered col lect The d vi ces of
t he Koehen et al. and the se?ﬁ% + a itgﬁ\m Isé Wherem e ] su"@"%lq‘vmer 3
referred to as "vert |sa¢dcted trhmntg\eomvun@sngrsmgnofepmlvﬂﬂfba@.t mlvethersuquue, and

I s passing verticall y phe menbrane. Speed of liquid (i.e., plasna)
passage through the rane |s the operative test of effici enc in such 15
devices, as is the corrpl etZdnesThefmathed of FClaim 16~ whersin goe dydiophbilic pelvmar)
from solgd pag&*&gégﬁ&ymlﬁyﬁ@?&eand certain other considerations,

such as limted nterference of the solid material with the |iqui d
and, in blood separation 22. The Jpathed of@ain 20havheraip tas hygrophilie frobmers.

Anot her type of testiggnfiRed salyidbarblitened 'l ateral w cki ng device." In 20

such a device, as shown in Figure 9, a backing material rovides a
support for a sepdati dhe mstpdefLiam W%F"%‘Bﬁ'f'edae rRA§ESS398 A The
cont act nenbrlmlmcmg wuweﬁtwdfhtmeﬂzm/sémat ants (or other

det ecti on facilitgjors) . to allqw ect]on resence qr
‘absence of the 3ent to beé* mé ?@8? "?fdﬁﬁ’ ﬁ WE‘E‘&{} ip‘? rr?B?&f‘F@ 31
I's used to separ at e amcknmmdemmo;%regmri extefds frorg ithel misropbroas skial thebugh'

particul ates (i. g,;%%_zgggeg; tﬂggﬁ'ﬁ@e@ separ ation menbrane 21

and the contact marrbr an ac interface 23. Thus,
in operation, the liquid 2t aiAni imgpreedd dlagaomci déndce( iof ethe typeocbmprisizigher

bodi Iy fluid componenigl,  3bf mefibtatahf a Yohtdct HEmBRREAS inPoVBrEN: B8fprengdt
15 the separation membrane comprising an integral sulfone
polymer membrane, rendered hydrophilic through co-casting the
sulfone polymer with a hydrophilic polymer, the microporous skin
possessing a high pore density and the membraﬁe comprising a
microporous skin and a porous support, the porous support comprising
20 an isotropic region of substantially constant pore sizes and an
asymmetric region of gradually increasing pore sizes.
28, The device of Claim 25, wherein the membrane comprises a
mean flow pore size of from about 1 gm to about 5 ym.
27. Thedevice of Claim 25, wherein the sulfone polymer is selected
25 from the group consisting of polysulfone, polyethersulfone, and
polyarylsulfone.
28. The device of Claim 25, wherein the hydrophilic polymer
comprises polyvinylpyrrolidone.
29. The device of Claim 27, wherein the hydrophilic polymer
30 comprises polyvinylpyrrolidone.
30. The device of Claim 25, wherein the membrane possesses a
lateral wicking speed of water of at least 2 mmlsecond.



an application point 24 and the fturdwtt—wck toward the interface 23.
Upon 30 w cking, laterally through the separation
menbrane 21, and reachm“ mmm I H the fluid will enter

t he contact menbrane where it sr eact or not react, as the case
may be) with the chem cal reactapts for other detection

;zg;:h:)htzzit ors) t%&g&rﬁnpr ovided in the contact nenbrane 22. PCT/USS6/10124 WO
PCT/ US96/ 10124 - 24- Such

reaction can be detected by a. variety of stﬁdard techni ques that are

well known in the art. be appreciated, the operative
test. for determnlngthe te
of wi cking of the appropri a’t ecﬁ%ﬁ(" e.ﬁClaum #ﬁ&iﬂéﬂ@a@@\éﬁuﬁg&%@h&gf@ as
the conpl et eness of depaeati on of the I|qU| d from any solids. Thus,
in bl ood separation contexts, speed of plasna passage laterally

t hrough the nenbrane is the operative test of efficiency in such devices,
as . is the conpl eteness of the separation of plasma and limted

| ysis of cells.



Egfent in use as 10
'fen a solid containing

if:ce of the nenbrane

l' ane, it begins to

pr ¢ t he ot her end of the

00d cel bodudlfinny

The nventlon are REP
separ lﬂ 1 in lateral W@
i qui ic.et, Blood)«1s applied to fhe

and at one end of a narrow 9
wi ck through to thetlghter

strip. The rela 2043121 9€
restrai ned (flltwqudé out) whi | e t he

to flow In a device, the liquid (i.e., plasrra ermaatesthe strip
and reaches a second menbr ane, e.g., ni trocel | of se whi ch contains a
testing reagent (i.e., an enzyne, anti gen l'inked reagents).

Fast . ki T {
e e Lo zpﬁyfswms%%ymw T

asymmetry does not necessari ﬂ‘é{ﬂbr anslate 1 nto an enhanc

degrees of surface pdPosi t9e FF"W"{ laim §; Whersin thesultone mﬂ[ﬂ'ﬁ@ars
to cause bl ocki rqge@foupldagﬂsm of polyditforse) Ipoiyetherstifong; aed bdlwylﬂllforw th

renbrance of the 1 TOERRRBHnICHER 6 SRR oloBhitd Holeb:spreotes”

menbr anes cont aNWtMPgMDﬁdenﬂwent rations of pol y(vi nyl pyrrolidong)
(PVP), whigh makes thg merhs piabrand o? Ritirh 110, whetein tidhydrophilic pow.lé&%&% t he

pore size and structure. Nbreover, because the PVP is included
the fornul ati on, PANEMPYIrEIdaRe. \ocod’ for a second treatnent with

hydr oxypr opyl cel I ul 0st3. t 0 The lrentbimnenaf (Claiar; wineckiroihieimembraridOpossesses a lateral The

driving force fo c&nﬁﬁtsggutf&'%r'o?awfsw?%%kfnh' city of the PVP in

conbi nation with structure lquid is sucked into the
nmenbrane by capillary 4‘ or 388 membrang| @é"@reeWPE'Fli'i the membrang hage/thickyyees, and

support. {J/P al Getrdghs rEGisit extbhds HeActhy imiGdporbls ARE HicLYS BN MEIE% of the
thickness.

15. A method to prepare a hydrophilic integral sulfone polymer membrane,
the membrane comprising a microporaus skin and a porous support, the microporous
skin possessing a high pore density and the porous support comprising an isotropic

18 region of substantially constant pore sizes and an asymmetfric region of gradually
increasing pore sizes, wherein the isotropic region extends through at least about 15%
of the membrane and the asymmetric region extends through at leasi about 50% of the
membrane and wherein the membrane is substantially free of macrovoids, comprising:

providing a casting dope comprising between about 8% and 17% by

20 weight of a sulfone polymer and between about 5% and 25% by weight of a

hydrophilic polymer, dissoived in a solvant;
casting the dope to form a thin fitm;
exposing the thin film to a gaseous environment, inciuding water vapor

at a relative humidity of between about 50% and 80% for between about 5

25 seconds and 35 seconds; and '

coaguiating the film in a water bath having a temperature between about

20 °C and 70 °C and recovering the membrane.

16. The method of Claim 15, wherein the dope is a homogeneous solution.

17. The method of Claim 15, wherein the dope additionally comprises a

30 nonsoivent for the suifone polymer.

18.  The method of Claim 15, wherein the dope is a dispersion.

18. The method of Claim 15, wherein the membrane comprises a mean flow

pore size of from about 1 gm to about 5 ym.
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- 25- sol vent/ non- sol vent exchange rate and thereby al so reduces
the degree of asymmetry found in standard nenbranes. The gel ation
(quench) bath tenperature al so plays an " inportant role in that a
hi gher tenperature bath creates a nore asymetric and a | ar ger
pore size (nmean flow pore size) nmenbrane than does a |ower tenperature
bath. 5 WO 96/40421 EXAMPLES RELATI NG TO MEMBRANE MANUFACTURE
The following exanples relate to the manufacture of particul ar RCEUSIS(0124 S
menbranes in accordance with the present inyention. Such exanpl es are neant
to be illustrative of the various casting conditions that can be
utilized to nanufacture 10 menbranes in accordance mﬁth the invention

and to prOV|dT_:m"h pce-as.to fhe 0 0
be nodified t EMeth 1 of ?OQE?QfénQSMémp?anegSyect notﬁuﬂy

nmenbr anes. Asfsuch, the fo oW, n tra
limting. urface nsule of membramPLE 115

Ef fects of Exposure Tine and thls exanpl e, we

prepar éd and fast menbrg &
of pol ysul fong and pol

as the solvenff. W pr ef

each menbr ane

hum dity, as fjol | ows:

prepared fromyl2. 7% pol

by AMOCO Co.)l 2.3%t-

pol yvi nyl pyrr
at room :
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tenperature (approxinmately 20[err]C) and two separate nenbranes were cast.
was acconplished using a casting knife that had a gap of

Casti ng

559 pm (22-nils),

onto a 25 novi ng belt of polyethylene coated paper.

The filnms were exposed to air, as shown in the follow ng Tabl e:

- 26- TABLE 111

Fi | m No. ' : Rel ati ve Exposure

Tenper at ure .Wélmldi ty Ti me PCT/US6/10124
([err] QO (Sec. p/8 | a
25-30[err] C 100% e 18— — Ll

25-30 [err] G SE¥ Photo 2 of Polysulfone Membrane The

nenbr anes we
dried,
|V

e quenched 1 n a water t t~ate ature of 40 [err]C.
t he rrenbra&%?@ﬂ%a@ﬁ@d" '%ei oni zed water and air

After coagul jtion,

. The (rossisection @ Magnifi
the foll ow nP; Table: 10 > ..~ _ “- . oo

E I N A A

catiop 7=30(bXs are shown i
IR . TABLE

iR - v

~ o) P s

- - o St - i
o 2t h p“-? Ty

1B8kY  R3ISE6 Serm 435401

This Sheet Has Been Reilaced

MG




Fi | m No. J WAt er Structure

| a 4138 M/ mn ' Fi gures ,
la and |I'b | b 150 mM/mn N A
15 Water perneabilities were neasured at 68,700 Pa (10-psid)
on a 47-mm di aneter disc (9.5 cnferr]). 20

Figure 1 present LI of scanning electron mcrographs (S m
No. 1. @P%ﬁ@“ﬁl ais atop viewof FilmNo. 1 a, sho%’%&%ﬂﬁ

m cr opor-ous surface of the menB/8ne. Figure 1 b is a

cross-sectional view of FilmMNo. 1 a In the Fi it will be
observed thatjthe ne

y
por.osity. The wat er Fermeabl lity results indicate, however,

mat perms?bi ity iSEMsﬁ]hteto 4|o Po ulfuneslzﬁemmehtlgeh it
wevers, i SO appears a osur I g um dity,
however, evengually decreases ﬁ‘%‘@ﬁ%&!’éﬁ%&%m §ye;;1nd ma

detrinental tp asyme{Cyoss-section @ Magmficatmn— %

-

ace -

Sorm 4354081
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EXAMPLE 2 - Effects of Quench Tenperature

In this exanple, we prepared and cast nenbranes prepared froma 5

honogeneous sol uti on of pol ysul fone and pol yvi nyl pyrrolidone in dinethyl

f or mam de as the solvent. W prepared three separate nenbranes

fromthe solution, with each nmenbrane prepared with a different

quench bath tenperature as follows: A honogene g

sol ution was pré%%?@ﬂ“?ron111 % pol ysul f one pol yner ﬂgﬁpﬁﬁéggg

manuf act ured by ANDCO Co ), 15@6of polyﬁlﬁylpyrrolldone (PVP, MN 10

40, 000), and 0_\\ |
[t GM

r oom I gMembianen® %
f

parate

menbr anes ver fp cast. Castl coqgl

kni fe that ha a gap ofS mmfam(’ﬁghﬂ Slﬂe)) a mficatmnu-n&, 80
pol yet hyl ene ioated paper. he fllns wer e exposed to air,
having a rel agi ve hum dity} R ., - .
exposure, thellnenbranes. wel§

t he fpll ow ngjTabl e:

Fi | m No. Quench
Tenperat ure 20 ,
[err]C X
2C 65 [err].
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Fol | owi ng quenchi ng and coagul ati on of the nenbranes, the nenbranes were 25
washed with deionized water and air dried. The characteristics of the

resul ting menbranes are shown in the foll ow ng Tabl e:

- 28- TABLE VI

Fi | m No. Wat er Structure -
Perneabilities[err 2a 1 N
Figure 2 5 W6 et 2b 5712 m / nin radbefionad”
Figure-3 2c5/8 6000 M /mn Fi gure
4 - Water perneabilities were neasured at 68, 700 Pa

0-psid) oFE I e A e

I(:ilgu'lrozI 2) i g != scanni ngSpEMtPhpmc@ O3 & ) ‘m‘ N ¢ ’1‘.' 2 proi di ng

cross-sectiopal view @uﬁﬁdﬁ@i t-sid V%I:%mﬁwnm =1 60000X
N 2y

I
I

m crogr aph (SEM of No. 2b7p a cross-sectional view
of the nenbrigne. Fi gu g o

o .

- s % a .
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P

15 a scanning el ectron mcrograph (SEM of Film No. 2c providing a
cross-sectional view of the nenbrane. In the Figures, it wll be
observed that the nenbranes increase in asynmetry as the
tenperature of the quenching bath- is increased. In addition, the
pore size in the m croporous skins of the nmenbranes appear to increase as

t he t enpRigsibds Of the quenching bath is increased. 20 perysesnonzs
EXAMPLE 3 ‘ Eg;trng Sol uti on Contai ni ng
Nonsol vent ; Ef fects of sure Time, Air Crculation, and

Quench Tenperature _ ____ In this example, we ore.ar-o and c¢a

oy oor o dane  n TENEPRUETf Polysif6tly Memla .

as the nonsol ent. e prSmnface('Zl'u hepide) @EM ;ﬁt:atmomelsﬂ(lﬁan

with each nmenbr ane prepared wth a fferent arr exposure tinme,
Wi th or without circul afjees , BN B e ST AN at ur e,
as foll ows: S (D S N Sl 10. 6%
pol ysulsf one pd] yner (Uddikg! , 15%
of polyvinylp roIidone

formam de, ang} 0. 5% pat & I ned at

room t enperat uye (approi

separ at e nenbrfpnes were 3
kni fe that hagj a gap: of
pol yet hyl ene dgpat ed

[
L}
Ll
L]
.
v
.
]
L]
»
.
.
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paper. The casting conditions used in connection with the casting are shown
in the followng Table: 5

TABLE VI | Fi | m No. Air Quench Bath

Air Exposur e Tenper ature Circul ation

J Tine ([err] O (sec)

3a 20 55 [err]C Yes ' 3b

32 51 C WO96HM0421 No 10 7/8 3c PCI/AUS96/10124
48 [err] C Yes 3d 16 45
[err]C Yes The reI ative hum d| ty of the air used in

each run was 80% Air circulation was 15 d with a fan.

Fol | owi ng quenchi ng and (.rn-’,;‘

menbr anes were washed W th¥ :ﬁ‘léf”‘
characteristics of ks hg;mrfn t he

fol |l owing Tabl e: /.IA@E VIl 20
Fi | m No. Coul ter 7N

ZHoX Pore Size

Mean Flow Perneabilities

-
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(pm) 3a 4. 32 4,000 M/ mn

Figure 5 3b 0.42 500 M/ mn

N A 3c 2.6 4,800 M/ mn Figure .
6 3d 3 4,800 M /mn N A 25
Water perneabilities were neasured at 68,700 Pa (10-psid) on a 47-mm

di aneter disc (9.@o%i%0a1 WO 96/ 40421

PCT/ US96/ 10124 - 30- PCT/US96/10124
Figure 5 presents a pair of scanning el ect®&® nicrographs (SEMs) of
Film"No. 3a. Figure 5a is a top view of FilmNo. 3a, show ng the

m cr opor ous surface of the nenbrane. Figure 5b is a cross-sectional
view.of Film No. 3a.

| e

/,.(,4 7 'w

Figpe



I'n the Fi gures, it -will be observed that the nenbrane shows good asymetry,

5 however, relatively |ow surface porosity. Figure 6 presents a pal r'"ot
scanni ng el ectron micrographs ( SEM s-)th)f Fil mNo. :3c. Fi gure -6a |.§ a
top view of Film No. 3c, showing the mtroporous Surface of t.he .

menbr ane. Figua eaﬁbmns:saestncted by a tightenedtskom avhioh éfoomediblyrthdlovatdcin the firkte

Figures, it w]l be observ ne Q

asymet ryand el§HTCEd ﬁr f%geéﬁ%g’reysi B, q’%ﬁ"&?fﬁaﬁ)’ag’ it t'% pl\gl%f'ﬁ@NghatSX'.h"e the
The per neabi | i fienfoeanesl ih thd isbtrepieregionapsearab bersdtivpic én Visudionspbtion, actually
quite good. In addition ata_on

a of the nmenbranes
than Fi e POSHistBGiom that BBe TS e pordneon Fatacane eliipeBhia i
the hum g air than one dnb‘gh‘t‘-lahﬁbibaieeid Vidw B ithe 1dige aamﬁwse time to the humd
air, and the tenperature, 1%5 of the uenchﬂgﬁ ach conbine to
s "e‘x°§

prof oundly effect tAEHHING thestrugture of the mey 62%?’@#“%"?’““%'? fistipct

wi t hout circul #bmOBlas$ib GsyRendt) & |tlYa&| theCm@aitéftbs of the indlgRtie aTr@'”s"QSét%hﬁél&
presumably conbined to forma very I[q%é";ﬂ’m Cr gpor ous

skKi Wt h
‘respect to Fi| RMASYMMELc dee., r'ﬂi'?%"” rtBe miFToparays %'%t%armam below the

air appeared tg,fgsl abfindd me.wda@m& mtﬂaermgmﬁhe.sau@saafabbeawﬁ@w&e g
exposure time a peared to open the pores in 3a nore than 3c or Igurtﬁer

exposur &0t i nesohie Mempranesaanerally ResUERife'aps {‘ré?'béb%rﬁﬂ)%éfdf‘elth%fiéﬁd@mhe |
variation to Oﬁ’iteﬁifH?ar?d nwhareae rn%%n%%@ of élaQQé%EVrﬁﬁweW #Ja%xaﬁm tnﬁWr‘Qs:dlo

respect 3c and 3d. dition, it
intriguing to m&epﬁavembrar@smbe p%erE“'@?ti'é EAGIATE OCRWS F*U°‘2®°Ut the e“t'fe “or

determ native Qfpstdigia pﬁ Elﬁﬁ%@”ﬁ\@hib'l‘éﬁe\’tméfénbgi N@ thé &uiji Myrﬁ&an&swaémmt the

| ar ger . pores Nos. 3c and 3d, had reduced perneability.
Thi s appears tregion below Ilble skirehasinyerseardeversk iasypoTedrydiasd raelny ithat. has stight

:E;](AII\:/:DEléif Sa WS entional asymHERA, qngtBQDgétgH tRat3Re probaBle higher viscosities of the Fuii

casting formulations contnbutes to this structure.

Therefore, colloquially speaking, the membranes of the invention can be viewed
as having a funnel structure in terms of the flow channel configuration throughout the
thickness of the membranes. For example, the pores meeting liquids flowing into the

20 membrane from the surface that was unexposed during easting is very large. This is
 the asymmetric region, which would correspond to the conical portion of a funnel. As

the liquid flows through the membrane, the pore sizes or flow channels gradually
constrict, until, finally, the liquid enters the gener'ally isotropic region which contains

pore sizes or flow channels of substantially constant diameter, then flows out through

25 the microporous skin, the isotropic region corresponding to the spout of the funnel.

The structure of a typical open pored membrane of the invention prepared from
a dispersion is shown in Figures 5 through 7. The membranes have microporous skin
surface pores of, on average, 2 um, cast surface pore sizes of, on average, 10 um,

and, in cross-section, demonstrate an isotropic
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-

Ef fect of PVP Mol ecul ar Wi ght ' In this exanple, we prepar ¢ ed
and cast a membrane prepared froma - di spersion of> pol ysul fone” and -
pol yvi nyl pyrrolidone in dimethyl fornmanide ad7- SR , 1 tbhe sol:ven’[
and water as. the nonsol vent. The casting solution was prepared-from--> 3
10.'6% pol ysul f oregigroinehming porsls F580arownd ut.Qcymr extebgmgl\fmtﬁa nhicrdpirous skin

| | lj.d (PYP. . MY 360,000 f d nd .0. 5%
hatr . The cast IHGUER, PERIESITHEY. 8PNk e JEKAPSLRT Al sepairapes folléwed by an
(appr oxi rkrat feI yt 28/mrbetric regioanthitpens drava pbiengizesst mmximhtaﬁhﬂdmvﬁd &b’} 50 ym
castin nre 0O a \'
boit of pol yet HpBre el &P Hsuioblerfiiona the gagt putecRacRe wif'Bs Sobreted dhe
to rrtc)i rcul ting dmyrbh@ldcﬂl isy{‘rﬁ?&ﬁv eastd \bh Wﬁedb!bse?;vaftmhsz'g W@)ﬂf‘)&j{telﬂ' hes: f1 t rThe
e rane was uencne I N wat er DWI n encni n coa atlron 0O e

| aF Biatle pginge of b

menbrane, the nRAFHPUARMRAOTIRGS lgH" ﬁ.%faf Paints of betwieen $,879 @nd
10 .. Charactshisoiesmiwbbe I &wbtdsty. nmmhmmrres%g\{m in"Figutes BotHrQWHY
|:?| meNo. haxgivery similar struatpres bug pgssess mean flow pore sizes of about 4.3 um (Figure

Permeabi | i ties's), 2.6 um (Figure 6), and 3.8 um (Figure 7), respectively, as measured by Coulter

10 ‘porometry.

Preparation of the Membranes of the Invention
Generally membranes in accordance with the invention are prepared through

~ conventional approaches. A polymer casting solution or dispersion is prepared which
15 is then cast, exposed to a gaseous environment for a predetermined period of time,
and then quenched in a nonsolvent bath. Preferred casting solutions with or without

nonsolvents and casting processes are discussed below.

Casting Solutions With or Without Nonsolvents _

20 Membranes. in accordance with the invention can be prepared from
homogeneous solutions as well as dispersions. In preferred embodiments, the
membranes of the invention are prepared from homogeneous solutions. Homogeneous
solutions can be prepared through use of solvents alone, or in combination with
nonsolvents. Membranes prépared from diépersions can bé formed with bubble points

25 - in the same general range as those made from homogeneous solutions. However,
such membranes 'ge'nerally require longer periods of exposure to the air before
quenching. Figures 1-4 show the structure of a membrane produced from a
homogeneous solutions, without the use of nonsolvents, as seen through scanning
ele_ctron microscopy, including microporéus skin surface and ;ross—sectibns of the

30 merhbranes. |

The membranes of the invention are preferably prepared from a homogeneous
solution containing a hydrophobic polymer (i.e., a suifone

0
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da - 4,000 m/nin Figure 7 Wat er per meabi |Itl‘§,‘_‘S

wer e rreasured at 68,700 Pa (10-psid) on .a 47-mm . -di anet er X
disc (9.5 enferr]). 20 Fi gure'zi-presentSwa~ pai r of vscannl ng
el ectron m crographs (SEM's) of Fil m No. - 4a. Figure 7a is a-top

vi ew of. Fi | m Neolvdrt/ncatsnlvery axnhangedﬁmmdntmrehyra‘lmducestme degree of asymmetry
mETr . 00l bl BATAS550, T S BRLPer e S v o

asymretry and gnporeant otef mcﬁhaparmghémemperature baﬂihﬂ'emlsfaamr@asmhteync and a
.appears enhanc&égrel ative, to F

reduced rel at i P9 HOES PIFF F{Beargﬂowzl[pobe su%@ﬁt%ﬁftag?g%m t YL '°9ﬁété§/’ﬂ??’3&‘l§e pathe

structurg or distribution in FilmNo. 4a appears al nost as a

medi an between the few ng‘i 3&3‘5353275“ ¥ ! ;Eﬁﬂm %EM g}‘lt\:lg?,UREa (Fig. 5a)

and the nultitude seen i

-32- The followmg examples relate to the manufE)ﬁéM:’bEpﬁncular mncroporous
Ef fect of PVP Ml cul ar e ar ed

et Shst a o eEHEASIN SFghldancs vith the present inyssiohy SUGS CEUTEIES Sre skt fo be

pol ysul fone anglup@itive BY ItRY Vasibiisl daetihd) cdhamibhy IthhoeaR Bedgtilized to man%$adtbﬁé
sol vent., The casting solution was prepared from 11 % pol ysul fone pol yner .
10 membranes in accordance with the invention and to provide guidance as to the

manners in which conditions can be modified to achleve particuiar properties in the |

resuiting membranes. Assuch, the following examples are illustrative and not limiting.

. E AMPLE1
15 Effacts of Exposure Time and Humidity
in this example, we prepared and cast membranes prepared from a
homogeneous solution of polysulfone and polyvinylpyrrolidone in tertiary amyi alcohol
as the solvent. We prepared two separate membranes from. the solution, with each
membrane prepared with a different exposure time and humidity, as follows:

20 A homogeneous casting solution was prepared from 1 2.7% polysulfone polymer
{Udel 3500, manufactured Ey AMOCO Co.), 2.3% t-amyl alcohol, and 16.6% of
polyvinylpyrrolidoné (PVP, MW 40,000). The casting solution was maintained at room
témperature (approximately 20 °C) and two separate membranes were cast. Casting

 was accomplished using a casting knife that had a gap of 559 um (22-mils), onto a

25 moving belt of polyethylene coated paper.

The films were expcsed to air, as shown in the following Table:
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( Udel 3500, manuf act ured by AMOCO Co.), 5% of pol yvinyl pyrrolidone (PVP, MN
10, 000), 13 % t-anyl alcohol, and 71 % di nethyl formam de. The castj:ng "2

sol ution “'was heated to 40 [err] C aib-casting was acrconplj shed ,’
using a casting knife that had a 10 gap of 508 pm (20:m |3), aqnto
novi ng belt of pol yet hyI ene coat ed paper T‘A'tmsqnst . sol utlon was
exposed to circul al Ll huni d_a 0 ' )

The nmenbrane was @uen d,.i.n
coagul ati on (iﬂ‘ﬁ} Nb
dei oni zed water a d air drled

resul ti ng nmenbr ang sxhown ot ho o uinolToni =
TABLE # i . _ ture
Per meabi l i ties' & 1::: i

NA 20 68, 70!0; Pa
(10-psid)y on a 47 T '
It appears as though the Iow relative hum d| ty may have pI ayed arole in

E?(iNI%E ES RELATI NG T%%ﬁ'\ﬁ%ﬁl@‘%ﬁ%&?%ﬁ PBath°R a temperaturg, of 40 °C.

fol | owi ng exampiftas coapulation,ctheseembranae wareiwashed with dhioniged veater amd/amtdrmd .

in lateral w Cg'hg%hg%gée'&?ﬁ QP$hd fersuHﬁgfrﬁgmBFa%EE e gﬁ the%ﬁg“fvﬁ@af?%ns

‘are neant to 3 ustra he vari ous ng app
i n whi cHO_t he nmenbranes of the

TABLE IV

Water Structure

" Permeabilities’

1a | 4138 mi/min Figures
Jaand 1b

1b . 150 mi/min N/A J

15
! . Water permeabilities were measured at 68,700 Pa (10-psid) on a 47-mm
diameter disc (9.5 cm?).

20 Figure 1 presents a pair of scannihg electron micrographs (SEM's) of Film No.
1. Figure 1a is a top view of Film No. 1a, sho.wing the microporous surface of the
membrahe. Figure 1b is a cross-sectional view of Film No. 1a. In the Figures, it will
be observed that the membrane shows very little asymmetry and low surface porosity.

The water permeability results indicate, howevér, that permeability increases

25 with increasing exposure time. Hdwever, it also appears fhat prolonged exposure to

high hﬁmidity, however, eventually decreases the surface porosity and may be

detrimental to asymmetry.
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‘invention can be used and to provide guidance as to the efficiency of the

menbr anes of the present invention_in such app]lications. As suoh
the followng exanpl es are il ust'ZZrt i ve and not I i m twl ng. »
WO 96/ 40421 R
PCT/ US96/ 10124 ' -33 -

EXAMPLE 6 B W prepared cert es of nenbranes in
accordance with copending U. S. I%‘Re#ﬁg?‘pl i cation, Serial No. -
08/ 206, 114, filed March 4, Effdcts of Quenchi Temiverature of whi ch i s her eby

i ncor porated by referﬁ| %ﬁg%‘ﬁﬁel g%tﬁ pa]";%perl{],erglsp ﬁzﬁb}an]etsﬁgﬂeﬁgé% Xfmm a

menbr anes), for co W CKi
producesl i n. assraogereoas vbiution bépdvaﬂﬂme and\mtmlwipyﬁrdldone in dimeBAiyd- fd:&namd!e
$;§I-_)E( )rze br angssth\gesro?ve%t € er Sn%p%?ed t?uree separate membranes from the solution, with each
membrane prepared with a different quench bath temperature, as follows:
A homogeneous casting solution was prepared from 11% pblysulfone polymer
(Udel 3500, manufactured by AMOCO Co.), 15% of 'polyvinylpyrrolidone (PVP, MW
10 40,000), and 74% dimethyl formamide. The casting solution was maintained at room~
temperature {(approximately 26 °C) and three separate membranes were cast. Casting
was accomplished using a casting knife that had a gap of 610 um (24-mils), onto a
moving belt of polyethylene cpated paper. _
| The films were exposed to. air, having a relative humidity of 75%, for 24-25
15 seconds. After air exposure, the membranes were quenched in water baths as shown

in the following Table:

TABLEV

Film No. Quench
Temperature
(°C)
20 2a 46 °C
| 2b 56 °C
2¢ | 65 °C

Following quenching and coagulation of the membranes, the membranes were
25 washed with deionized water and air dried. The characteristics of the resulting

membranes are shown in the following Table:

REPLACEMENT SHEET
03 JUL 99T

AMENGED SHEET



10 | Menbr ane For mul ati on Casting Conditi ons

BTS-1 1 10. 72% Pol ysul f one - Air Exposure: 3.8 sec: . Ty
15, 56%t - anyl al cohol 73. 72% Di net-hyr28or mam de j - BTS— X >
10. 72% Pol ysul f one Air Exposure: 5.0 sec. . o

15.56% t - anyl al cohol 73.72% Di net hyI For mami de 15-
The BTS-1 1 nenbranes possessed average m oJ us skin pore Ssi zes
of -approxi mately 0.8 pm and the BTS—X nenbr-é%ig—‘@ossessed average

m croporous skin pore sizgS ol
Coul ter. 20

BTS nmenbranes prepared in
prepared in accordance w T
We | ooked at the rate of C ;
whol e mamgal i an bl ood. Deifoni zedyynat er

bl ue i nk solution was a -,m el
bl ood was used for the bl u aBeoolmmhmd

Bheep' s

transfer
of separated plasm (from FTe T ater t hr ough
the menbnane af té?%rﬁm@%ﬁﬁéseﬁ?véré‘ 8 uﬁv@d?tat ﬁfd)éSIg)X%Rpé %47-mm
see Figure 30 9), 5{% gwh E,ocel ose ne ane esults from
these tesfy are sovvnlnt e follow ng Tabl es:

Figure 2 is a scanning electron micrograph (SEM) of Film No. 2a providing a
cross-sectional view of the membrane. Figure.3 is a scanning electron micrograph
. (SEM) of Film No. 2b providing a cross-sectional view of the membrane. Figure 4 is
15 a scanning electron microg?aph (SEM) of Film No. 2¢ providing a cross-sectional view
of the membrane. In the Figures, it will be observed that the 'membranes increase in
- asymmetry as the temperature of the quenching bath.is increased. In addition, the
pore size in the microporous skins of the membranes appear to increase as the
temperature of the quenching bath is increased. o
EXAMPLE 3
Casting Solution Containing Nonsolvent;
Effects of Exposure Time. Air Circulation, and Quench Temperature
in this example, we prepared and cast membranes prepared from a dispersion
25 of polysulfone and polyvinylpyrrolidone in dimethyl formamide as the solvent and water '
as the nonsolvent. We prepared four separate membranes from the solution, with
each membrane prepared with a different air exposure time, with or without circulation
of air, and quench bath temperature, as follows:
A casting dispersion was prepared from 10.6% polysulfone polymer {Udel
30 3500, manufactured by AMOCO Co.), 15% of polyvinyipyrrolidone (PVP, MW
40,000), 73.9% dimethyl formamide, and 0.5% water. The casting solution was

maintained at room temperature (approximately 20 °C)
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VO 96/ 40421 ‘
PCT/ US96/ 10124 -34,

P RN

TABLEM : Menbr ane Vater W Ckl ng'29BI ue I nk chl_ng . Mean 'FI oW
(sec/3 cmstrip) <gsec/3 cmstrip) Pore Size (pm . CBTS- X' 2 _
32 sec. _ and fgurseparate membranesawengrgast. Casting was accomghshed using a c8stihg
sec.

TABLE X1 | Rrifdfirat had a gap of 61 c&;ﬁﬂ% ig); oEto a movj e%eét of polyethylene r%ated

Pl asma Transfer paper. The casting conditions used in connectxon with the casting are shown in the:
following' Table: '

.5
' TABLE Vil
m
Film No. Air Quench Bath Air
Exposure | Temperature Circulation
Time (°c)
L {sec) . '
o — ————— ] . -
3a 20 55 °C Yes
3b 32 51 °C No
10 3c 14 48 °C Yes
3d 186, © 45°C Yes
et ]
The relative humidity of the air used in each run was 80%. Air circulation was
15 accomplished with a fan. Following quenching and coagulation of the membranes, the -
membranes were washed with deionized water and air dried. The characteristics of
the resulting membranes are shown in the following Table:
TABLE VIl
— e — —_— ]
20 Film No. Coulter Water Structure
: Mean Flow | Permeabilities’
| Pore Size
| ) !
3a 4,32 4,000 ml/min Figure 5
3b 0.42 500 mi/min - N/A
3¢ 2.6 | 4,800 mi/min . Figure 6
3d 3 4,800 ml/min N/A
25 R '

Watér permeabilities were measured at 68,700 Pa (10-psid} on a 47-mm
" diameter disc (9.5 cm?).
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(sec/3 cmstrip) (sec/ 2 cmstrip) 'gt'c';'qu'rr] - Cel I ul ose

2b 9 sec. : Good Bl ood/ Pt asna Not Measured - - R
Separ ati on T Slow Wcking 10 -~ . -31. v 20 o : 5 & Sec. »
Moder at e Bl ood/ Pl asna Not Measured - ' " 2 ~
Separation the solvent and water as the nonsolvent. The castmg &l%m Bdpared from
BTS-1 1 42 -sec " Not Measured Not Measur ed

 BTS- X 410.68 polysuifone polymas (yg@l 3500, manufactyredskby AMOCO Co.), 10% of
3¢ 6 SSfiyv |nvlp¥rrolld3§e SPYP, MW 360,000)09954% dimethyl formrmlde, and 0.5%
Preferred menbranes the | nvention for bl ood separation applications

exhi-bit | at er avatgr c Tha gasting\aelution was maintainedsataioorhtemperatre @ppraximately 20
prefera t gglgrta
preferably exhl%) aﬁd”‘éé&fng agé?%%&m&gm% or cgsﬁﬁugé;%t gkh ?3‘[%28‘"“
faster than 0. (38rmﬂs3eent0aanmwg beit of pplyetintigner coated papena Thel cast fhldtion was
mm sec. As w | S

exhibits excepJ gﬁ%fqégtgegﬁdnbbo?ﬁﬂpla? {7 %trg}aéﬁk ﬁmﬂ-ﬂndﬂi’\n’f @ﬁgﬁ%ﬁan{{“
bl ood pl asna \mermbrager wae. qu'éheh&dairewamlclengowmgequmchmg and appgulatiomiot| the
5.45 mmi sec. b [ p |ma el 57
mm sec. 25 G}Hgm[ﬁ%e, Ikﬁgadag-h ?Y% M%%%v%ﬂgé%‘?? rd;eho zed wa?é? { aif “Gried %e
ni troceld ul ose:hfamctenatinsarﬁehsoesultmg membrmbstshntvnah Itye beitowdng Table: t hat  ~

observed for the BTS-X nmenbrane. Wt hout wi shing to be bound to any
particular theory or node of operation, it is bel i eved that the
pl asma transfer rate to mtrocel I uI ose |§ArEEaKed to t he degree of

porosity of the m croporus—

4,000 ml/mln Flgure 7

15 '
! Water permeabilities were measured at 68,700 Pa {10-psid) on a 47- -mm
diameter disc (9.5 cm?).

20 Figure 7 presents a'pair of scanning electron micrographs (SEM’s) of Film No.
4a. Figure 7ais a top view of Film No. 4a, showing the microporous surface of the
membrane. Figure 7b is a cross-sectional view of Film No. 4a. In the Figures, it will
be observed that the membrane shows good asymmetry and a high surface porosity.
The surface porosity appears enhanced relative to Film No. 3a (Fig.. 5a) but slightly

25 reduced relative to Film No. 3c (Fig. 6a). Interestingly, the surface pore structure or
distribution in Film No. 4a appears almost as a median between the few. surface pores

seen in Film No. 3a (Fig. 5a) and the muiltitude seen in _Film No. 3¢ {Fig. 6a).
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WD 96/ 40421 : ) R
PCT/ US96/ 10124 .. -35-- - whi ch'i’s
an. SEM of the mcroporous skin surface of men@?ane 3c, the skin <
possesses a very high degree of por03|ty The ni croporous skin pore siZes
of the BTS-X nenbranes, while large (3.2 pm, are not as nunerous (i.e.,

there is a |l ower pore density) 5 EXA@H g glensity can be easily
conput ed f:or a given nenbrane sanpl e ' rough obtaining a scanning
el ectron micrograph of the surface PVP Mol of interest of a

gi ven square surface & SAis agga"ﬁagp%n%ngrengd and caé?“gbﬁl%nfbfrar%orp‘?€%ar8% frﬁmaa

contained in the given area es conpute
gi ven squaf e ar eborpagerigous sokitiph pédolvwléprpaartd palyvinylpyfalidene én dimethy foOnamide

area through a Sé?pl.ees&@%égo TEQ aé &dlGfion ws%ePygg fPSHh G %ﬁl%g&hg%o%er ..

for partic lven 1n nu pores
pnferr]. For (Udel &ﬁpamas\ofaqmunepdaeAMQCﬁOaCcBwss% afepdiy\GMMP\/rl‘dlielnae dPYP, MW
ﬁ,\éﬁ{)?gﬁes or epar g@%@l {@t‘)@ I’cyan@/l %lc&?xgl ?\/dl'PP‘% é)lme?l{ llfbm'llar}niﬁ(e).n h%setdsting solution

was heated to 40 °C and casting was accomplished using a casting knife that had a
10 - gap of 508 ym (20-mils), onto a moving beit of polyethylene coated paper. The cast
solution was exposed to circulating humld air (50% relative humidity) for 7 seconds.
The membrane was quenched in water at 43 °C, Followmg quenching and coagulation
of the membrane, the membrane was washed with deionized water and air dried. The

characteristics of the resulting membrarne is shown in the following Table:

15
TABLE #
Film No. ‘Water Structure
Permeabilities’
1]
15562 ml/min
20 ! Water permeabilities were measured at 68 700 Pa (10-psud) on a 47-mm
diameter disc (3.5 cm?),
It appears as though the low relative humidity may have played a role in the
25 poor permeabilities achieved by Film No. Sa.
EXAMPLES RELATING TO LATERAL WICKING APPLICATIONS
_ The following examples relate to use of the membranes of the present invention
in lateral wicking applications for use as testing devices. Such examples are meant to
30 be illustrative of the various testing applications in which the membranes of the

invention can be used and to provide guidance‘ as to the efficiency of the membranes
of the present invention in such appllcatlons As such, the following examples are |

illustrative and not llmmng
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accordance W t ention possess greater pore density. The 15
menbr ane shown ll“ﬁ"ﬂhmﬂ '”m exanpl e, hggs: approximtely 12.79 - L
por es/ 1000 pr’r{ |0n t he menbrane: showr in Figure 6a has_ :

approxi mately 18.41 pores/ 1000 pn{ err]. %Mog_gr ef erred nenbranes prepar ed
I n accordance with the present invention characterized as possessing

a pore densit ATAWEC IS9 pores/ 1000 pnferr]. In nore preferred 20

enmbodi nents, the re densi reat r _than ores/ 0 r.rl. an -
even nor e Bﬂef er Z‘M'{}%&“ga %r}eq er mi"%? 2'%%?%@%!@%%?%@”‘??4 co-

- EQUI VALENTS easting the sulfoné Ipelyoner Sittt alhvdecrnhllin:npdlmebahm nthmlumhbedniprismg a
connect |50n with specifi enbodi me%r&s ht her eof wi Ll be .under.st oo
that it2is cafiBiPROEHSH 3!’}?{?&3 porous suppefits 8a'P1°6?F°"%'+Fds'i"P1PgssﬁSﬁ'f‘Pé‘ '9%R°T°

i nt ended t]? lcldyﬁmtmw mapomustsﬂpportIsempnﬂng an lsotropﬂzdeglbnbf sxmsta:lftlallheonstant :
i nvention follow n i n, gener a venti on_and
i ncl udi ng sucﬁ%fef)'g?st ﬁ'?%g"fa%m%réc ﬁ%ﬂfgqugelllyomfeésgxg %ﬁéxzes, Wher & the n

known or cust gtropicregivni édtends fréve taatrn“efbmfuusfsldimfb tHevasyhingétripeegishns 30
and as may be appli.ed tﬁgt he eésentlal feagtures herei.nbefore set forth_ and

ok fall wtRen tBeJBemBrage qfrglainy e WHESRIN-E FHEPRG frgian gefings, How

gﬁgﬁ%@d cl ai BRannels of substantially constant diameter and the asymmetnc region defines flow -
channels of gradually increasing diameters.
3. The membrane of Claim 1 or 2, wherein the membrane comprises a

mean flow pore size of_ from about 1 yum to about 5 um.

4, The membrane of Claim 1 or 2, wherein the sulfone polymer is selected
15 from the group consisting of polysulfone, polyethersulfone, and polyarylsulfone.
5. The membrane of Claim 1 or 2, wherein the hydrophilic polymer

‘comprises polyvinylpyrrolidone.
_ 6. The membrane of Claim 4, wherein the hydrophllxc polymer comprises
polyvinyipyrrolidone.
20 _ 7. The membrane of Claim 1 or 2, wherein the membrane possesses a
lateral wicking speed of water of at least 2 mm/second. | _

8. Thé membrane of Claim 1 or 2, wherein the membrane has a thickness
and isotropic region extends from the microporous skin througﬁ about 15-25% of the
thickness. _

25 ' 9. Ah improved dia_gnostic device of the type comprising a separation
membrane and a contact membrane, the improvement comprising:
| the separation mémbrane of any of claims 1-8.
10. The device of Claim 9, wherein the device is a lateral wicking device.
1. A method to 'prepére a hydrophilic integral sulfone polymer memb_rane, '
30 the membrane comprising a microporous skin and a porous support, the microporous
skin possessing a high pore density and the porous support comprising an isotropic
region of substantially constant'pore sizes and an asymmetric region of gradually
increasing pore sizes, wherein the isotropic region extends from the microporous skin

to the asymmetric region, comprising:
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WHAT VE CLAI M | S: ”w m;u]ll”ulu”m An integral sul fone pol ymer )
menbr ane, rendered ugh co- -37- casting the sul fone :

pol yarer with a hydrophilic pol yrrer t he nenbrane conprising a: 5

M croporous skin and a por Og?%ﬁc?lﬁg%réasﬂ%gedog‘eccromf g#;bm& pgi,%ﬁ??%% Qg,dam% by

hi gh pore density porouS support” c rrsing an i
regi on of substantiall wveigmsclfmsulfone polymerpamiebestmes abnut &8 ad/RE%4 by avelght of a

[ egi on oxt ends. 1rom t nEviREPBpSRBEers g et IR Selotiec i c region T
2. The nenbrane of cl ai m tastiigethei dopiehte fbtmtarmin ﬂlm eg| on defines flow 10
channel s of _substantially const ant er and t '

et ric. reglon
defines fl ow ~ chanf&P¥"H ﬂ&r%ﬂh{gm e Hﬁﬁe@é@ |eﬁ "?ﬂ"&?fgt &c@%mg water vapor
3. The nmenbrane of Clatiarrelhtioé hamldihﬁbﬁbéltvﬁém a0 5WE andrg0% F66 bétween about 5
mean flow pore size of fromabou£ r?Pmtoaout 5 pm 4.
The menbrane of - O ai m $egpnds a 88¢P"A8La%Y| f one pol ymer is sel ected 15
fromthe group consisting OEOG@IM the fitm P& WatdrbRtishavViIR#tendidature between about
pol yaryl sul f one. The nenbrane of Claim1l1 or 2, wherein

t he hydrophilic pol yneB0 °C and 70 %ﬁﬁi’l"%‘&"eﬁﬁﬂﬁm MRS i done.

6. ~ The mggbrane of 019' M 4he WRASH Bf blaﬁnhwdwmaé.hltﬁe B%é’Wh&ﬁ re888 solution. -
pol yvi nyl pyrrolidone. menbrane of Claiml or 2,

wherei n the menbrane p6§ses§é§ raethod of Cla“"I' ét'er\’amemmc‘lbﬁr@wp%'%ﬁ“wpf@ﬁs a
at least 2 nm sec [ £ ulf The menbrane of Claim1l or 2,
wherein the rrenbrgﬁrgsoh‘éesm Orh Kness pofimer. . and isotropic region extends
fromthe mcroporous sRén t KhemhatbeﬁﬂﬁlmSUZB%‘ﬂﬁ"tm dope is a dispefsietkness.

25 9. n@q | MPRRY tﬁa@gﬂﬂﬁﬁﬁ %1 dﬁ)éé'%ﬁa e nﬁé?ﬁbﬁaxeeoﬁaﬁyés' Shridn fow

separ ation rane and a ceontact ne rane, | mprovene
conpri si ngl5 pore size of from about t1hem $o phout b am. rrenbrane of any of cl ai ms

18 106, Thfie dths€oPEia a|'1ml<ﬂner¥Yﬁ%é§E{}lf5&ep HbCR dafbcted from

| at eral w cking device. repa
hydr ophi | i ¢ i nt egthel greup fconsisting pfreolyswfdnea pelyethersulfone, and polyarylsulfone.

17. The method of Claim 11, wherein the hydrophilic polymer comprises
polyvinyipyrrolidone. .
20 18. The method of Claim 17, wherein the hydrophilic polymer comprises
polyvinylpyrrolidone. ' '
19. The method of Claim 11, wherein the membrane possesses a lateral
wicking speed of water of at least 2 mm/second. ' ' ,
20. The method of Claim 11, wherein the membrane has a thickness and

25 isotropic region extends from the microporous skin through about 15-25% of the
' thickness. -
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30 t he menbrane conprising a mcroporous skin and a ggquin5ugqsé[q tre
M Cr opor ous skin possessing a high pore density ‘ahd/ o¥dus~
support conprising an isotropic : regi on of substa@ﬁ!@ogﬁ)aml\“
pore sizes and an asymretric region of gradually i i ng pore’ " v
sizes, wherein the isotropic region extends fromthe m croporous skin

to the asymmetric region, conprising: % _

provi ding a casting dope conprising between about 8% and 14% by

wei ght of a sul fone pol yner and between about 5% and 25% by wei ght of a

hydr ophi li ¢ pol ymegg,di Lvgd jmn I ; : casting
the dope to formmziégwi ,ﬁqup q dof Pao@gul\fSWe Membrcng&ﬁegpn’&ltﬁgug%i n film
to a gaseous.environment, i:%‘fr Hicﬁ&S : .e?"??Apr memobrane at a
relative humdity of between a@oMagoMkieatioos 100 ktXeen about 5
seconds and 35 seconds; apd ' i ril keiiiaalel © Wiy PN
a water bath having a te AR ; . 2D [ery]L
and 70 [err] C and recover i ) 12‘85 TR
of Claim1l 1, wherein the y

13. The nethod of Caim§B@
nonsol vent for the sul fong
Caim1l1l 1, wherein the doj
met hod of Claim 11, where
size of fromabout 1 pmteg

FIG. 7a

18Km 434601
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;1 1, wherein the sulf one pol ynerg dzf
g+ 1nol ysul fone, pol yet hersul fone, c} r‘j.mygss 411@1’1 2 "
11, wherein the hydrophilic pon i's

_ 18. The nethod of %m V\ﬁg’ e’iAquq-q‘
onprises - pol yvi nyl pyrrol i done.

1 1, wherein thgégenbrane possesses a | ateral
wi cki ng speed of vvater ofl at least 2 mmi's nd 20. The

net hod of~¢r=arm 11, wherein the nmenbrane has a thickness and 25

i sotropi c regi on extends h 1.Cr k|n t hr ough about 15-25% of
t he P gthickness. géﬂmﬁ'\o O\Té %@3 one Membgr]one

PCT/ US96/ 10124 Quench Bcfh Temp : 46°-@s -
20. The method of d ai rrCtésszsecth t@eMs:grflfmemm y:reBSOS X sel ected. .
fromthe group con5|s RG b il f L

SEM Photo 3 (Quench Bath Temp. : 56° c)
Cross-sechon e Magmflca’non 350 X

vt

- W .
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pol §ary! sul f one. | 21. ‘The m;Jt hod of C aim 157 Wms ’9@‘7

hydrophilic polymer- 5 conpri ses pol yvinyl pyrrolidone.

The .met hod of O ai m 20, wherein the hydrophilic pol yner QJ%HQ&JAN‘IQC

pol yvi nyl pyrrolidone. : -23. The method of Caim erein

t he menbrane possesses a | at er al h#dikl ng speed of water of at |east
2 mm second. .10 -+ 24. The net of Caim 15, wherein the
menbrane has a t hi ckness and i sotropic region extends fromthe

m croporous skin through about 15-25% of the thickness.

25. An inproved diagnostic device of the type conprising a .
separation menmbrane and a contact menbrane, the inprovenent conprising: 15
t he separation nenbrane conprising an integral sulfone

pol ymer nenbrane, rendered hydrophilic through co- casting t he
sul fone polyner with a hydrophilic polyner the n1croporous skin
possessing a hi gh poref densit yLam . X
m croporous skin and por o Jue” uger D
an isotropic region of subst’ k 2 {- R
asynmetric region of adual ‘:} .
The device of Caim 2% mherel d ‘g» o\
pore size of from abo t 1 p o abqp = 3 « _ /| ce
of Claim25, wherein EU| 0 8 X 2kl Y3 gr oup
consisting of polysulfon S hergsul™f Sa. L _one.

P

<,

28. The device of Caim 25,

conpri.ses pol viﬁ?lpyrrolido

wherein the drqghlllc pon
8 ™

m
C

: 65°

SEM Photo 4 of Polysulfone Me
Quench Bath Temp.
Cross—section @ Magnification
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30. The LAQEME & = , Wherein the rrenﬁrane posses

| at er al | ng speedq_(’)f ter of at.least 2 nmi second. Spf, ?Us 9 6({ 1‘0 2 ll'
96/ 40421 19

PCT/ US96/ §L.0}.2 93‘““' - -39 BO/US 03 JAN193

31. The —Tai m 25} wherein the device is a lateral wicking
devi ce. 4/%

SEM Photo 5 of Polysulfone Membrane
Surface(Tight side) @ Magnification = 1,000 X

15KkU xzaa'
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[received by the |nternat|onﬁmbﬁvq3lﬂm 93

ANVENDE ggggu L1997 |

Novenbér {1 (26.11.96) original claim215 amended;

[ unchangéd ( 1 page )] 10. The rrenbrane of
_ one polyner is sgfected from the group
consi st pol ysul f one, pol yet hensul fone, and pol yaryl sul f one.

11. The nenbrane of C aim8, wherein the hydrophi lic polymer conprises

Fﬁl y\éi gyl p%'rho! [ don:a SSEM Phofo 6 48 Pol ?gﬁ.,s),f g @i m 10, wherein
e hydrophiflic po fe CORPS yrr n

13. The nenbrane of )%fezi%eg?%? é‘i"%) thM@ﬁﬁ%ﬁﬁY sSe SQQB irlateral

wi cki ng speed of water Qg w2 rrfdsqond“._- i . _4. The
nmenbrane of Claim8, whg YR r@rane &% a ’
I sotropi c region extendSy 13 2 /00

t he t hi ckness. \ K &45.

hydrophi lic integral sutt 35 .

conprising a m croporou ’. pos

ski n possessing a high ‘ el eS g por

i sotropic 15 regi on X) \}o e, M por~e— Siy
asymmetric region of gr & ; "
| sotropi c region extend
menbrane and the asyme
the - - nmenbr ane aMe

conpr 1 3 Lsmmu

F10G.
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a sul fone polyner and between ou /¢ . d ,25% hy ™
_ : hydr ophi | i ¢ pol yner, di ssolpzﬁ 0@& le]:utﬁ fl L
casting the gLi997orfmia thin film : SngOSth 1997

thin fi gaseous lenvi ronnment, including water vapor

at a rel atix drty of} bet ween about 50% and 60% for between about 5 25
secondstand 35 secondss—ahd 6/% coagul ating the filmin
a wat er e aving a tenperature betweeé about 20 [err]C
and 70 [err]C and recovering the menbrane. 16. The net hod

of Claim1l5, wherein t o] IS h neouys _sol ution.
17. The nethod of d aihﬁl: 5%\&1&2 §9%?6%@§°58d%'8ﬁ51’{‘ ~conprises a 30
nonsol vent for the Surface{Tight side) ® Magnification 58.1,0%03 ¥et hod of
Claim 15, wherein theghoee s di '.obg\- ¥ o ~ . 9® _ethod
of Claim15, wherein P ) R i ) *yp ‘v - Y
of from about 1 pmto'o ’1 — "R T ™ 4 ‘
S Iy A
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