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' 10  to overcome certain drawbacks of prior-art membranes and

to provide new features not heretofore available.

A discussion of the features and advantages of
the present invention is deferred to the following
detailed description, which proceeds with reference to

15 the accompanying drawings. —

Brief Description of the Drawingé.

FIG. 1 is a profile of maltodextrin sieving and
rejection behavior of a prior-art low-flux cellulose-
acetate membrane, as discussed in Example 4.

20 FIG. 2 shows maltodextrin sieving profiles for
two prior-art hemodialysis membranes, as discussed in
Example 4.

. FIG. 3 is a comparative plot of the maltodextrin
sieving profile of a prior—-art "Polyflux 130" membrane,

25 compared to a membrane according to the present
invention, as discussed in Example 4.

FIG. 4 shows sieving data for a prior-art
"Polyflux 130" membrane as well as a plot of values of
the corresponding rejection statistic for the prior-art

30 membrane, as discussed in Example 4.

FIG. 5 shows plots of'sieving and rejection
statistics (for maltodextrin) for the prior-art "Fso"
membrane, as discussed in Example 4.

Detailed Description _

35 The present invention provides semipermeable
hollow-fiber membranes having'a novel combination of
hydraulic (i.e., water) permeability and diffusive
(i.e., solute) permeability. With respect to d1ffusxve
permeability, the membranes according to the present



t Re corresponding rejection statistic for the prior-art 30 menbr ane, as
di scussed in Exanple 4. FIG 5 shows plots of sieving and rejection
statistics (for nmaltodextrin) for the prior-art "F80" nenbrane, as

di scussed in Exanple 4. Detailed Description 35 The present

i nvention provides semni perneabl e hol | ow4i ber nmenbranes having a nove

conbi nation of hydraulic (i.e., water) perneability and diffusive (i.e.,
solute) perneability.” Wth respect to diffusive perneability, the menbranes
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present in aque el slc) : [ C ) Vi s ecul ar
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fluids, the hyd R SeBPuYOEe’ SclEiel Andis aing the® ' ®
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10 _ The fibers according to the present invention
preférably'comprise a hydrdphilic polymeric material of
a thermoplastic nature, most preferably cellulose
acetate. For use in processing biological fluids, the
hydrophilic polymeric material preferably also is

15 resistant to thrombogenesis, and is non-toxic. It has
been found that cellulosic polymers are particularly
well-adapted for such use. | -

In order to form membranes with the requisite
hydraulic and diffusive permeability characteristics,

20 the hydrophilic polymeric material is liquified (i.e.,
melted) and combined with a water-miscible solvent for
the hydrophilic polymeric materials and a water-miscible
non-solvent for the hydrophilic polymeric material. Of
course, the solvent and the non-solvent must be liquids

25 at the melt temperature of the hydrophilic polymeric
material. Also, the solvent and the non-solvent are
preferably non-toxic and resistant to thrombogenesis.
The resulting mixture is mixed to homogeneity and
"melt-spun" (i.e., extruded in a molten condition)

30 through an annular extrusion die.

As discussed below, the mixture can be melt-spun
twice, once using a die suitable for making solid
fibers, then again using an annular die to produce
hollow fibers. Spinning twice allows superior control

35 over the composition and characteristics of the hollow
fibers.

After extrusion, the resulting hollow fibers are
rapidly cooled to solidify their constituent materials



15 resistant t.o thronmbogenesis, and is non-toxic. It has been found that
cellulosic polyners are particularly well-adapted for such use. In order to
form nmenbranes with the requisite hydraulic and diffusive perneability
characteristics, 20 the hydrophilic polyneric material is liquified
(i.e., melted) and combined with a watersm scible solvent for the
hydrophilic polynmeric materials and a water-m sci bl e non-solvent for the
hydrophilic polynmeric material. O course, the solvent and the non-sol vent
must be |iqui dsadl leatchiede iReheatedpwatétr€o ofemdvie il GRlivent Ralgyeri c

mat eri al . Also,thgﬁn %%&%ﬂbeﬁﬂd t he non-solvent are preferably non-toxic
and resistant to thronbogenesi’S. The resulting mixture is nmixed to

honogenei ty and "nel t - sginthei melt, cheledeles of the tsxlvenidianidon) 30
through an annuhgh-gelenitoBofseitAents SHE SEShdFabud e iHvdrde &y be
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water to renove®fhthexmedypanig erderdng sof hgmselves relative to the

~ solvent and non-solvent constituents. (This process is

10  termed a "thermally-induced phase separation process,"
abbreviated "TIPS.") As a result, the molecules of the
hydrophilic polymeric material become associated with
each other during spinning to form a labyrinthine
network that, after the solvent and non-solvents are

15 removed by water leaching, is characterized By an
extensive and dense network of convoluted voids having
an extremely fine mean pore size. These voidé extend
through the walls of the hollow fibers and provide the
routes by which water and solutes pass through the

20 walls. The molecules of the solvent and non-solvent,
which originally occupied the voids, are removed by the
water#leach step because they are miscible in water and
because they do not become covalently bonded to the
molecules of the hydrophilic polymeric material.

25 For examplé, and not intended to be limiting, a
cellulose acetate hollow fiber according to the present
invention is made from a composition comprising -a _
mixture of three constituents. A first constituent is
the cellulose acetate polymer which provideé the

30 structural'aspect of the membrane. A second constituent
is glycerine, a non-solvent for cellulose at ambient
temperature. A third constituent is polyethylene
glycol, a solvent for cellulose at ambient temperature.
‘A preferred mixture for making cellulose acetate

35 membranes consists essentially of about 32 to about 40
percent (w/w) cellulose acetate, about 5 to about 10
percent (w/w) giyce:in, and the balance polyethylene



In"the melt, nolecules of the solvent and non-sol vent constituents are
honobgeneously interspersed 5 with nol ecul es of the hydrophilic polyneric
mat eri al . During extrusion and subsequent cooling, the nolecules of the
hydrophilic polynmeric material undergo a degree of thernodynam c ordering
of thenselves relative to the solvent afgknon-solvent constituents. (This
process is 10 termed a "thernmall y-i nduced phase separation process,"”
abbreviated "TIPS.") As a result, the nolecules of the hydrophilic
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provides the 30 structura rane second constituent
is glycerine, a®fokh §oP9lﬁFtFo%5c%VP%$%ﬂﬁQQ& XuﬁﬂQHﬁame as the

composition of the first melt. These procedural steps

‘are also generally applicable to producing a first melt

of other hydrophilic polymerlc materials accordlng to
15 the present invention and to extrudlng the first melt.

Fabrication of hollow-fiber membranes from the
pellets is performed by first heating the pellets
sufficiently to form a second "melt" which is extruded
through an annular spinneret. The resulting hollow

20 fibers are immediately cooled by air and leached in a
water bath at a temperature of about 80 to about 95°cC.

The temperature of the second melt while being

- extruded through the annular spinneret is a key -
parameter affecting the hydraulic permeability of the
25 resulting membrane. For example, with respect to

cellulose acetate, each one degree Celsius increase in
spin temperature causes a corresponding decrease in the
hydraulic permeability of the hollow fiber by about
2 nl/min/mmHg/m2. - Thus, it is possible to "customize®

- 30 the hydrauiic permeability of the hollow fibers by
simply controlling the spin temperature.

It is also important that the conditions under
which the hollow fibers are cooled upon exiting the
annular spinneret be maintained substantially constant

35 to ensure uniform fiber characteristics over the length
of the fiber produced by the spinneret. These
conditions include, but are not necessarily limited to,
the temperature of the air used to cool the fiber, the



tenperature. A third constituent is polyethylene glycol, a solvent for
cellul ose at anbient tenperature. A preferred m xture for nmaking cellul ose
acetate 35 menbr anes consi sts essentially of about 32 to about 40 percent
(w.w) cellul ose acetate, about 5 to about 10 percent (ww glycerin, and

t he bal ance pol yet hyl ene -4- glycol b&ving a nolecular weight in a range
of about 150 to about 600 daltons. A process for making cellul ose acetate
menbranes according to the present invention typically includes a 5
"conpoundi ng" stvedoicityhio€h atiirtembement oppstintise af Hoer xoditindidthegenei ty at

- a tenperature appiapciage 0 L

[err]). The resulfting fifst "melt” Is en extrude rough a die to form
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heating the pellets
second "nmelt" ?FFEd&BaPhFBgﬁﬁyaﬁgﬁﬁﬁﬁ?ar spinneret. The resulting
hol | ow _ In the water bath, the glycerin and polyethylene

10 glycol constituents of the hollow fibers are leached
from the polymeric constitﬁent. After leaching, the
hollow fibers are taken up in a wet condition on reels.
The wet fibers possess excellent hydraulic and diffusive
permeability characteristics with high solute clearances

15 for middle and high molecular weight substances while
still exhibiting a manageable ultrafiltration rate for
use in hemodialyzers and the like.

In the "pores" of the wet fibers water molecules
essentially replace the molecules of solvent and

20 non-solvent leached away by the water. Thus, the water
molecules contribute a substantial degree of structural
integrity to the fibers which would otherwise collapse
and thereby lose their desired hydraulic and diffusive
permeability characteristics.

25 However, it is impractical to maintain the

. fibers in such a wet condition for extended periods or
to incorporate "wet" fibers into such appliances as
hemodialyzers using available methods. Therefore, it is
necessary to ultimately replace a substantial portion of

30 the water with a stabilizing substance that is resistant
‘to evaporation under ambient conditions but does not
interfere with downstream steps neéessary to incorporate
the fibers into a useful appliance. Such a
wéteréreplacement step is termed "replasticization."

35 For example, wet cellulose acetate fibers are
preferably replasticized using a solution of glycerin
and water. The wet fibers are unreeled and submerged at
about 25°C in an agueous glycerin solution having a



20" fibers are imediately cooled by air and |leached in a water bath at a
tenperature of about 80 to about [err]. The tenperature of the second nelt
whil e being extruded through the annul ar spinneret is a key paraneter
affecting the hydraulic perneability of the 25 resul ting nmenbrane. For
exanple, with respect to cellul ose acet-sd€, each one degree Cel sius

i ncrease in spin tenperature causes a correspondi ng decrease in the
hydraul ic perneability of the hollow fiber by about 2 m/m n/ mHg/ n2.
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The IOngitudinamembnéngniS about 45 to about 50% w/w and the water
' 10 content is about 15 to about 18% w/w.

Hollow cellulose acetate fibers according to the
preéent_invention can be made into hollow~fiber
hemodialyzers using methods known in the art. When made
into hemodialyzers, such fibers have been shown to have

15 the following specifications:

Fiber internal diameter: about 175 to about 210

am
20 Fiber wall thickness: about 10 to about 35 um
Ultrafiltration about 15 to about 55
coefficient (K, mL/hy /mmHg /m?
25 Mass-transfer about 38x10° cm/min

coefficient for urea or higher
(KoV (urea)) ’

Ratio of [K, (urea)]/K, at least 2.5x107

30
Representative instructions for preparing a
hemodialyzer according to the present invention for use
in a hemodialysis procedure are set forth in Appendix A.
35 : A representative clinical monitoring protocol

for evaluating a hemodialyzer according to the present
invention is set forth in Appendix B.
Example 1

This Example is an investigation of the effects

40 of cellulose acetate concentration and hot water-bath

leach temperature on diffusive (K,) and hydraulic (Ky)
permeability values of hollow-fiber membranes aCcofding
to the présent invention. Results are shown in Table 1.



shoul d be sufficient to longitudinally stretch the fiber by no greater than
twenty percent. In the water bath, the glycerin and pol yethyl ene 10

gl yeol constituents of the hollow fibers are | eached fromthe polyneric
constituent. After leaching, the hollow fibers are taken up in a wet
condition on reels.” The wet fibers posse€ss excellent hydraulic and
diffusive perneability characteristics with high solute clearances 15 for
m ddl e and hi gh nol ecul ar wei ght substances while still exhibiting a
manageabl e uItraflltratlon rate for use dlalyzers and the like:. In
the "pores" of fibers r es essg ly re ce the

nol ecul es of so géﬁeéﬁ ®0 55 %?iggeﬁﬁgk ached g % Hg er. Thus,
the water nglec rlbuﬁgdﬁ_i§h~tangﬁﬁ degrg' ? uctKP integrity
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ul ti mat el yl@epl ace38. §ubstanﬁﬂanp©Ft|onlﬁ B0 #hebyHO3r wi 9.8

stabilizing substaggesthat iggr@xhgidant t0; evaporagi gRigRder aghizent
condi tions but doeg_ngt interfere w,th downstream steps pecessary to

i ncorporate the fip&€ into 38u§§ﬁal apm¥§ﬂﬁma sten 1ﬂgter ?3pﬁacenent'

step is terned "rephaétici zarizQox1035 24.4 Fes.oxaopl e, waticel | ul ose
acetate fibers arez; g 42.7x10°  27.4 47.9x10°® 36.1
15 *units: nL/hr/mmHg/m?

Example 2
This Example illustrates the effect of
leach-bath temperature on the diffusive permeability
20 (Kyv) and hydraulic permeability (Ky:) of cellulose
acetate hollow fibers having a preferred cellulose
ééetate content of 34.5% w/w. Results are shown in

Table 2.
25 - Table 2
Bath Temp °C K, (Urea) Kue
i cm/min (nL/hr/mmHg /m?)
30 75 ~ 52.1x10°% 27.8
80 50.0x10° 29.4
85 49.6x103 36.4
Example 3 _
35 ~ This Example illustrates the effects of

compounding temperature and hollow~fiber melt-spin
. temperature on the diffusive and hydraulic permeability
values of hollow fibers comprising 34.5% w/w cellulose
acetate after passing through an 85°C leach bath.

40 Results are shown in Table 3.

Table 3



preferably replasticized using a solution of glycerin and

frFer; are unreel ed and submerged at about [e?r{ In an aqugghgrglgggrrﬁt

a;_utlon having a -6- glycerin concentration of about 30 to about 40%
bML The fibers are subsequently dried using air heated to about 70 to

? out [err]. After-drying, the cellulose-acetate fibers can remai n stable
or extended periods of 5 tine because the "plasticizer" . e glycerin

and sonme water) is in equilibriumwth the atnnzﬁh re at anb o Y
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according to the pk&3cht |nvent¥%% %an be nggé ?nto hollomff?gg%a&e fibers
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;hlckness. about7368t o about 138 [err] Ultgéflr atlon 36- bbggo$?|25
Ng about 55 coeffigjem (KUF) 177.2nL/ hr/ mrisg/. 65R10% 29.2

- Mass-transfer about [err] cmmn coefficient for urea or

hi gher
10 Example 4

This Example is an investigation of sieving
behavior of hollow-fiber membranes according to the
present invention compared with prior-art hollow-fiber
membranes. The sieving statistics were determined using

15 maltodextrin solutions. See generally, Feldhoff et al.,
wEffect of Plasma Proteins on the Sieving Spectra of
Hemofilters," Artif. Organs 8:186-192 (1984).

Cellulose acetate hollow fibers made according
to the present invention were_bundled and made into

20 hollow-fiber hemodialyzers using conventional
procedures. ' ' _

The lumens of the hollow fibers (i.e., the
"blood" side of the seml-permeable membrane represented
by the fibers) received either a human plasma containing

25 maltodextrln or a saline rinse. The maltodextrin used
in this study had a continuous distribution of molecular
weights from about ‘350 daltons (maltose) to greater than
120,000 daltons. Normal dialysate at 37°C as used in
hemodialysis was used in the "dialysate" side.

30 Three liters of human plasma recovered from
whole blood were heated to 60°C for 30 minutes to
destroy dextrinases. Any cryoprecipitate and coagulated
proteins produced by heating the plasma in this matter
were removed by centrifuging the plasma at 10,000 x g

35 for 30 minutes. Maltodextrin was then added to a
concentration of 6% w/w. The temperature of the
plasma-maltodextrin solution was maintained at 37°C with
slow stirring using a water bath. '



[err] (urea)) 30 " [err] Representative instructions for
preparing a henodi al yzer according to the present invention for use in a
henodi al ysis procedure are set forth in Appendix A 35 A
representative clinical nonitoring protocol for evaluating a henodial yzer
according to the present invention is sgi- forth in Appendi x B. Exanple

This Exanple is an investigation of the effects 40 -

1

of cellul ose acetate

concentration and hot water-bath |each tenperature on diffusive [err] and
hydraulic (KUF) perneabfértgaline csingfeshaifl dbef ifiberndnpensesonecditieng to

the present i nV@f‘thQﬂnaBe@é'iiﬁe s m:‘é@i b Qikewise faifeRifed at

[ Cel | ul ose [er; Leach Bath [err] Leach Bath Acetate] [err]
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(cmmn) 42.8 [ errPeliveryp of plagma rdr nori@l?sd4Q@ifle throfighr the

- untén 3 38.3
36.8x103  ° 13, BWenss 31“‘?8%&”?@’ z{%éﬁ?lysaé[ wefe[ gr’%’“ﬁhgﬁf’g

25.6 34.6 weing convenizional} grenistaliic) pymps, with[gpbing 27 4
[err] 36.1

10

15

20

25

30

35

lengths from the respective reservoirs to the dlalyzer
and back being less than one meter each way. The
"plasma" pump was adjusted to deliver plasma or saline
to the arterial blood port of the dialyzer at 200 mL/min
with a slight back pressuré on the venous blood port.
The "dialysate" pump was coupled to the.dialysate port
of the dialyzer with the downstream dialysate port
plugged. The dialysate pump was run at 30 mL/min.
Pressure transducers were connected by tubing

and "T" connections to the arterial blood port, the

venous blood port, and the upstream dialysate port. All
pressure-monitoring components were positioned at the
same hydrostatic elevation to avoid pressure
differentials. .

Before being connected as described above, the
dialyzers were rinsed, by "cross-membrane" flow, with
one liter of normal saline under a hydrostatic pressure
of one meter to wash out glycerine and other solutes
from the hollow fibers. After connection as previously
described, the dialyzers were rinsed with 0.5 L normal
saline withdrawn from the 37°C reservoir. After passing
through the fibers, the 0.5 L saline was discharged to a
drain. The dialyzers were then rinsed for 1,200 seconds
with the 0.5 L normal saline remaining in the 37°C
reservoir, with the saline being returned to the
reservoir after passing through the fibers. The

‘dialyzers were then drained of any saline on the

dialysate side to present excessive dilution of the
plasma/maltodextrin solution. ' '
Flow of the plasma/maltodextrin solution was
then started through the fibers, with any liquid
appearing at the venous blood port discharged to the

9.0



15" *units: [err] Exanple 2 This Exanple illustrates the effect of

| each-bath tenperature on the diffusive perneability 20 [err] and
hydraul ic perneability [err] of cellulose acetate hollow fibers having a
preferred cellul ose ‘acetate content of 34.5% w w. Results are shown in
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27.8 80 . 50. 0x103 29.4 85 49. 6x103
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34, 55w w col | UFSEFTY eI I PE CORELORAYS, RASEGR=ARE | EOF) SPLEEIPar h 40
Resul ts are showhidowghatihe ¥ibexisl.e Such renqﬁunndlahgon Wwadecorfpimued

Eggr% (Na) g 17{br dﬁ“ﬂﬂnﬁ@@@p [ eambles Egnghbegiksma a%%(§f1§1IQrate[err]
[err] thyrough the flbers were taken at 20 minutes and 60
minutes, and analyzed using high-pressure liquid
chromatography (HPLC) to determine the concentrations of
various molecular-weight species of maltodextrin
10 therein.

. After 60 minutes, the experiment was stopped and
all plasma solution was flushed from the dialyzers. The
dialysate sides were emptied to the feservoir to prevent
loss of low molecular-weight maltodextrin molecules.

15 Selected results of these experiments are shown
in FIGS. 1-5. _ '

FIG. 1 is a profile of the maltodextrin sieving
and rejection behavior of a "CDAK 4000" dialyzer
incorporating a prior-art low-flux

20 cellulose-acetate-based membrane made by Althin CD
Medical, Inc., Miami Lakes, Florida. In FIG. 1, the
square~shaped points correspond to_thé ability of the
membrane to reject (i.e., prevent passage therethrough
of) maltodextrin molecules having particular molecular

25 weights. The diamond-shaped poiﬁts correspond to the
ability of the membrane to sieve (i.e., pass
therethrough) maltodextrin molecules.

- As is known in the art, performance of
hemoflltration membranes is typically described in terms

30 of their ultrafiltration rates (mL/min/mmHg/m3?) and their
sieving properties. A suitable sieving statistic is
determined by measuring the concentration of a solute
(here, maltodextrin) in liguid on the "blood" side and

. on the "dialysate" side. The sieving statistic plotted

35 in FIG. 1 is defined by C,/(C, + C,;), wherein C, = solute
concentration on the dialysate side and C, = solute
concentration on the blood side. The rejection
statistic plotted in FIG. 1 is defined by C,/(C, + C,).



171.1 7 175 [err] 32.4 173.8 175

[err] 36.5 176.7 177.2 [err] 29.2 10
Exanple 4 This Exanple is an investigation of sieving behavior of

hol | ow-fi ber nmenbranes according to the present invention conpared with
prior-art hollowfiber nenbranes. The siigw ng statistics were determ ned
using 15 mal t odextrin solutions. See generally, Feldhoff et al., "Effect
of Plasma Proteins on the Sieving Spectra of Henofilters,” Artif. C}gans
8:186-192 (1984). Cel | ulFd&e 2cé&hows neﬂtedﬁxtﬁénsshﬁuwmmﬂlr@s tfPX he

pr esent inventiQ&dNEgiJgﬂ@@EEﬁeﬁﬁa15§9§15nhemBQaneQQ||@Hbf“§¥§v1n
henndlalyzers u5|n% Ggonv onal ed uref qg t he | ow
fibers (i.e., ﬁ%ﬁi? i AFAr PF 1ghe pﬁ?ﬁﬁﬁﬁ?% eﬁﬁa9 FﬁQ%ented

by the fibers) sd@mxmgdsaamhsmla deseripedsabovent alnmi AIG252, thetodextrin
or a salineginsgoy %M'afo@dﬁéhbkﬁnlésﬁg anngafépﬁiyﬂa ﬁ@f&é&nf&usﬁws

di stribution of nol écul ar wei froma tons (ual t ose) to
greater than 128iG8c &é‘P‘t&?é‘erGPnﬂPnHFéF?HE?@ by gambrogslypdg $yeden;
henodi al ysi s wathés egsio” tmembirdnel Ysahepoiysalfdfe membrane madecbyiters of
human pl asma r eGRer %ﬁu rom whol e bl ood were heated to [err] for 30 m nutes
to destroy dext F FRASes. Any cryopreci pitate and coagul ated proteins
produced. by heating theF¥Gasdaisnat spopauativevplet refivthe myleedrxtrini ng

the plasm gt 1@i@R4nYy $rd3zilesObr3end ﬁk‘iS?-ar%"i’@ﬂ?fiﬁk myes then added

to a
‘membrane and an "Altrex B" membrane according to the

present invention.
FIG. 4 shows, for the prior-art "Polyflux 130"
membrane, the sieving data shown in FIGS. 2 and 3.
15 FIG. 4 also shows a plot of values of the corresponding
rejection statistic for the "Polyflux 130" membrane.
FIG. 5 shows, for the prior-art "F80" membrane,
plots of the sieving and rejection statistics (for
maltodextrin).
20 Example 5 | |
' This Example is an investigation of in vivo
clearance data of a cellulose acetate membrane according
to the present invention. The data, shown in Table 4,
were obtained using conventional methods using a
25 hemodialyzer made with the fibers.

Table 4
K c* In Vivo Clearance (cm/min) Kye*
30 Urea Creatinine Uric Acid Phosphate
50.0 182 150 155 147 16.9
233 182 ) 195 184
289 220 223 195

35 *units: mL/hr/mmHg/m?



concent rati 6% wW w. The tenperature of the plasma-nmaltodextrin

sol ution mas mai nt ai ne [err] with slow stirring using a water bath.

-9- -For ﬂmum W the fiber lunmens, one liter of normal saline was
prepared E ntained at [err]. Delivery of plasma or nornma

sal i ne through Y he? 5s mens, and del iaggry of dial ysate, were acconplished

usi ng conventional peristaltic punps, with tubing lengths fromthe
respective reservoirs to the dialyzer and back being | ess than one neter
each way. The "plasma" punp was adj ustedCLAIMNEI i ver plasma or saline 10

to the arterial blood pgloogfsgﬂgpgkﬁgxﬁg ?gmggghénjégﬂkﬁggggihflight back

pressure on the venous ort sate led to the
di al ysate port of the dRabhygE Ppmﬂhctﬁelmﬁﬁb?rfe%ﬁﬁ%ﬁ yenfdgpiad sudged.
The di al ysate phsploms fiberadef@nihgnanluén diameter d¥ efsiute Irsrsucers

uere oonnooged Hboi?bag Adand aCRIREOL RIS, \0F AR A &l Asbur

t he venous Bl ood port, e upstre ysat e
pressur e- noni toBﬁnymao#pénEﬁmbrmeeepbébitm&latulwmmst atic

el evation to aVEb@fEﬁéiEHEe(ﬁu) o@'EBSﬁﬁnisaﬁé aﬁ@ﬁ@r§sﬁﬁmiﬁkfﬁﬁﬁi¥ﬁzﬂj as
descri bed above the dia rs wer Cr oss- menbr ang” 0 W th
a mass- rax %er_coe%ficg t fo¥ urea a&w (urea)) W&
least 38x19° cm/min, and a ratio of (K, (urea)]/K, of at
10 least 2.5x10%. _
2. A membrane as recited in claim 1 exhibiting
a sieving statistic, for maltodextrin having a molecular
weight of about 15,000 to about 20,000 daltons, of at
least 0.1. _ ' : '
15 3. A membrane as recited in claim 2 exhibiting
a sieving statistic, for maltodextrin having a molecular
weight greater than 20,000 daltons, of less than 0.1.
4. A membrane as recited in claim 1 exhibiting
a ratio:
20

>20.17x1073

(K, (urea)] [S(mw)]
. K. :

for solutes having a molecular weight from 10,000 to
60,000 daltons, wherein S(mw) is a sieving coefficient
of the membrane as a function of the solute molecular

25 weight.

- 5. A membrane as recited in claim 1 adapted for
use in hemodialyzeré.

6. A membrane as recited in claim 1 comprising
cellulose acetate.

30 7. A process for making a hollow~-fiber semi-
permeable membrane adapted for purifying agqueous
biological liquids, the process comprising:

(a) providing a molten ligquid comprising about
32 to about 40% w/w cellulose acetate, about 5 to about



one liter—ofnormal saline under a hydrostatic pressure of one neter to
wash out er solutes 25 fromthe hollow fibers. After
connect i %lﬂiﬂﬂ“; Eescri bed, the dialyzers were rinsed with 0.5 L
nor mal mut ramn romthe [err] reservoir. After passing through the
fibers, the 0.5 L saline was discharged3to a drain. The dialyzers were then

rinsed for 1,200 seconds 30 with the 0.5 L normal saline remaining in the

[err] reservoir, with the saline being returned to the reservoir after
passi ng through°§h8/W|9érgerthe dand yahout i do laboeudr 48f%ed/wf any saline

on the .di al ysapglgbtiRylenar §89861 xcessive dllutlon of the 35
pl asma/ mal t odextrin so of .t he /,mal.t.od xt ution was

I |on Fl l.a
then started through tﬁg fIﬁ%FE é%équ¥ﬁ1 41 ignid. of ?ﬁg venous
bl ood port di sthueygh apn ahpular - sﬁﬂnmbnatlhnﬂpﬁodumc pIhsﬂahsdlaW|on
appeared ag thgjgeEt. Then, the plasma solution was recirculated to the
[err] reservoir durlng contlnuous passage of :the %8Iution'through t he

fibers. Such recircul alfbn FRRLERG: thridiPY hoklgw £dbernefestePsiidies of

the plasna andand filtrate through the fibers were taken at 20 minutes and

60 m nutes, and analyz ? usj &gtgégﬁvggr%lg& yﬂoq_lgt}r Qqﬁgggggpg¥egHPLC)

to determne the conce atlon rious ecu specl es
mal t odextrin (¢) with water at a leach temperature of about 70 to

10 about 85°C so as to leach glycerine and polyethylene
' glycol from the fiber.

8. A process as recited in claim 7 including
the step, after step (b), of stretching the fiber
longitudinally so as to increase its length by no

15 greater than 20 percent.

9. A process as recited in claim 7 including
the step, after step (d), of replasticizing the fiber.

: 10. A'process as recited in claim 9 wherein the
step of replasticizing the fiber comprises contacting

20 the fiber with an aqueous glycerine solution.

11. A hemodialyzer comprising hollow fibers as
recited in claim 1. : _

' 12. A process for making a hollow-fiber semi-
permeable membrane adapted for purifying aqueous

25 bioldgical liquids, the procééS'cqmpriaing:

(a) providing a mixture consisting
substantially of about 32 to about 40% w/w of a non-
thrombogenic, non-toxic, thermoplastic, hydrophilic,
polyﬁeric material having a melting temperature; about 5

30 to about 10% w/w of a water-miscible non-solvent for the
polymeric material; and about 50 to about 63% w/w of a
water-miscible solvent for the polymeric material, the
non-solvent and the solvent being liquids at the mélting
temperature of the polymeric material; _

35 (b) heating the mixture of step (a) to a
temperature greater than the melting temperature of the
polymeric material and, while heating the mixture,
mixing the mixture to homogeneity;



10 tﬁE?ETﬁ“‘FTrer~60-nLnutes t he experinent was stopped and all plasm

sol ut i o Mm”mmﬂ fromthe dialyzers. The dialysate sides were enptied

to -t he
nnlecule§ t5

FIGS. 1-5. FIG 1 |s a proflle of the maltodextrin sieving and rejection
behavi or of a "CDAK 4000" dialyzer incorporating a prior-art |owflux 20

nt | oss of | ow nol ecular-weight maltodextrin

Selected results of these experinments are shown in

cel | ul ose-acet at e- based nenbr ane nade b%aAIthin CD Medical, Inc., Mam

Lakes, Florida.
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the polymeric material is cellulose acetate.

14. A process as recited in claim 13 wherein,
in step (b), the mixture is heated to a temperature of
about 165 to about 180°cC.

15. A process as recited in claim 13 wherein
the solvent is glycerine and the non-solvent is
polyethylene glycol having a molecular weight of about
150 to about 600 daltons.

16. A process for making a hollow-fiber semi-
permeable membrane adapted for purifying aqueous |
biological liquids, the process comprising:

(a) providing a first-melt comprising-a
substantially homogeneous mixture of about 32 to about
40% w/w cellulose acetate, about 5 to about 10% w/w
glycerine, and about 50 to about 63% w/w polyethylene
glycol having a molecular weight of about 150 to about
600 daltons, the first melt being at a temperature of
about 165 to about 180°C;

(b) extruding the £irst-melt -atsaid
temperature, and fragmenting -and cooling the extruded
first melt to form a particulate compounded material;

(ﬁ) heating -the_particulate compounded- material.
to a temperature-of-about-165 to about 180°C so as to-
form a second.melt-and—extruding the second melt at said
temperature through an annular spinneret to produce a
hot hollow fiber, the fiber having an original length;

(d) as the hot hollow fiber is extruded through
the annular spinneret, cooling the hot hollow flber so



FlG 2 shews—mmltodextrin sieving profiles for two prior-art henodial ysis

menbranes. The "sieving coefficient” axis (ordinate) represents val ues of
t he- sieV| 'Eﬂi"ﬂ mn' i bed above. In FIG 2, the 5 "Pol yfl ux 130"
menbr ane | ﬂﬂ"ﬁﬂyanide based hi gh-flux nenbrane manufactured
by Ganbr.o, Lund ‘s ; *the "F80" nenbri@re is a pol ysul fone nmenbrane nmade

by Fresenius. FIG 3 |s a conparative plot of the maltodextrin 10 si evi ng
profiles of the prior-art, "Polyflux 130" nenmbrane and an "Al trex B

menbr ane accor did®y % fase 1 @ thermaldy. ipfuced RRRZR S?Qﬁrﬁ?&P" of
prior-art "Pol yfithex dld(lulome aaedatiehdnsichel fgbdat ﬂrGlhOl‘l‘hB i poRyeikhyPemand 3.

15 FIG 4 als iﬂ%%f I of the correspondi ng rejection
statistic for tﬁ% %ﬁéléﬁﬁgh’¥£%%§%ﬁe FIG 5 shows, for the prior-art
"F80" nenbrane, plots of(ec)he‘@lié\ﬁ ﬁ@oénagr§}1§cbp§nh§1-h?‘1’sﬂl€%r(for

mal t odextri1g) . an i@tmmiaqﬁr E&b&t&h@ﬁ@l ehésnam1bﬁvs§$éﬂaé¢caboéol n VI Vo

el earance data Gl it o] AR 081005 BRECHAIPAP el R
met hods usi ng a b greadexd ithiayr abowkd2owpecent, f thereby Tt thelr
facilitating the thermally induced phase separation of
cellulose acetate from the polyethylene glycol and the
10 qucerlne,
. (f) contacting the_cooled*hollow fiber of step
(e) with water at a leach. .temperature of about 70 to
about 85°C so as to leach the glycerine and the
polyethylene glycol from the cellulose acetate;
15 (g) replasticizing the hollow fibers of step
(£) by contacting the fibers with an aqueous solution
comprising about 30 to about 40% w/w glycerine; and !
(h) removing water from the fibers of step (g)
so as to confer on the fibers a glycerine concentration
20 of about 45 to about 50% w/w and a water concentration
of about 15 to about 18% w/w when the fibers are at
equilibrium with the atmosphere.
17. A process as recited in claim 16 wherein,
in step (ﬁ), water is removed from the fibers by drying
25 the fibers in air at about 70 to about 80°C.
' 18. A process as recited in claim 16 wherein,
after longitudinally stretching the hollow fiber in step
(e), the hollow fiber has a lumen diameter of about 175
to about 210 um and a wall thlckness of about 10 to
30 about 35 un.



I Vivo O earance (cni nin) [err] 30 Urea Creatinine

Uic Acid Phosphate 50.0 182  ° 150 _ 155 147

16.9 233 182 195 184 289 220 223

195 35 *units: nb/hr/mHg/nm2 . -12- AINB 1. A sem perneabl e nmenbrane,
conprising: a hydrophilic polyneric material configured as a hol | ow.fi ber

defining a |unen dianeter of about 175 to 5 about 210 [err] and a wall

t hi ckness of about 10 to about 35 [err],AFQ%EEngrane exhi biting an
ultrafiltration coefficient- [err] of abou 0 about.. 55 [err], a
mass-transfer coefficient -for urea [err] (urea)) of at Ieast [err] cmi mn,
and a ratio of [err] (ure;~¥‘“ L OX) fHONT, O EMBRANE ®. A nenbrane
as recited in claim1l exhi ¥ g BBILT el t odextrin
having a nol ecul ar wei ght of abo-' "”3000 dal t ons, of at

L?gifng gta&?strc f or nalpoéegﬁggﬁiﬁgﬁgﬁﬁﬁéﬁﬁ% g%ul %c%égé tgégggrgrn?h:n
20,000 dal tons, SPTHE¥Inghaguecus hiologieal dfkuigs.r cGhecuenhrangpnpre
exhi biting a ratparticularly suitable for purifying extracorporeal blood
5 via hemodialysis. The membranes, preferably configured
‘as hollow fibers, are made from a hydrophilic polymeric
material, preferably cellulose acetate. Features of the
membranes include. an ultrafiltration coefficient (K,) of
about 15 to about 55 mL/hr/mmHg/m? (thus termed *"high-
10 flux" type membranes), a urea mass transfer coefficient

(K,y(urea)) of at least}ésxio* cm/min, and a ratio of

Ky (urea) /K, of at least 2.5x10%. Hollow fibers of such
membranes suitable for hemodialysis have a lumen
diameter of about 175 to about 210 um and a wall

15 . thickness of about 10 to about 35 pm. According to
disclosed methods for making the membranes, a melt
_compriSing about 32 to about 40% w/w cellulose acetate,
about 5 to about 10%'w/w glycerine, and about 50 to
about 67% w/w polyethylene glycol is extruded to make

20 hollow fibers; the fibers are cooled, cold-stretched,
water-leached, and replasticized using a glycerine
solution.



20 [erf] for solutes having a nol ecul ar weight from 10,000 to 60, 000
daltons, wherein S(myv) is a sieving coefficient of the nenbrane as a
function of the solute nolecular 25 weight. 5. A nenbrane as recited in
claim 1l adapted for use in henodial yzers. 6. A nmenbrane as recited in claim

1 conprising cellulose acetate. 30 7. A process for nmaking a
hol | owfi ber sem - perneabl e nenbrane adapted for purifyi ng aqueous
bi ol ogi cal |iquids, the process conprising: (a) providing a nolten liquid

conprisi'ng about 32 to about 40% w w cel |l ul ose acetate, about 5 to about °
-13- 10% w w gl ycerine, and about 50 to about 63% w w pol yet hyl ene gl ycol;
(b) extruding the nolten liquid of step (a) through an annul ar spinneret to
produce a hot hollow 5 fiber; (c) cooling the hot hollow fiber of step

(b); and Ld) ,contgcting the cool ed hol | ow fi ber of step (c) Eﬁ wat er at a
;ggcgof.gﬁgzgﬁmnbof Dextranemixiure-from GDAK 4060
-' i UFR(ml/min invitro)=263 |
08 |-
s |
3
9
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0 10 0 30 40
| . Thousands -
Molecular Weight
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glycol fromthe fiber. 8 A process as recited in clkaim7 including the
step, after step (b), of stretching the fiber longitudinally so as to
increase its length by no 15 greater than 20 percent. 9. A process as
recited in claim?7 including the step, after step (d), of replasticizing
the fiber. 10. A process as recited in claim9 wherein the step of
replasticizing the fiber conprises contacting 20 the fiber with an
aqueous glycerine solution. 11. A henvodial yzer conprising hollow fibers as
recited in claim1. 12. A process for making a hollowfiber sem - perneable
menbr ane adapted for purifying-agueous 25 bi ol ogi cal liquids, the process
conprising: (a) providing a m xture consisting substantially of about 32 to
about 40% w w of a non- thronbogenic, non-toxic, thernoplastic,

hydr ophi.lic, polymeric material having a nelting tenperature; about 5 30

0,200t 100 o 2 K iR S PRI ML . o e

polyneria e o= 8 o v " 7o 5 s
mel ting teﬁperature}ﬁ the ‘pol yneric material; 35 (b) heating
the_nixtur# of.- step®a) to a tenperature greater than the nelting
tenperature of the pfil yneric nmaterial and, while heating the m xture,
m xing thejm xture t& honogeneity; '
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~14- (&) extruding the heated liquid of step (b) to produce a hot holl ow
fiber; (d) cooling the hot hollow fiber of step (c); and 5 (e)
contacting the cooled hollow fiber of step (d) with water at a | each
tenperature | ess than the nelting tenperature of the polyneric material

the | each tenperat'ure being sufficient to | each the solvent and the

non-sol vent fromthe fiber. 10 13. A process as recited in claim
12 wherein the polynmeric material is cellulose acetate. 14. A process as
recited in claim13 wherein, in step (b), the mxture is heated to a
temperature of about 165 to about [err]. 15 15. A process as
recited in claim13 wherein the solvent is glycerine and the non-solvent is
pol yet hyl ene gl ycol having a nol ecul ar wei ght of about 150 to about 600
daltons. "16. A process for nmaking a hollowfiber sem- 20 per meabl e

menbr ane” adapted for purifying agqueous biological |iquids, the process
conprising: (a) providing a first nelt conprising a substantially
honbgeneous m xture of about 32 to about 40% w w cel | ul ose acetate, about 5

to about 10% w w 25 | ycerine, and about 50 tq about 63% w w pgl yet hyl ene
"glycol having a nol eculngwmgsgﬁBeWammdmﬂmchWSOandAlmB _
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600 daltons, the first nelt being at a tenperature of about 165 to about
[err]; (b) extruding the first nelt at said 30 t enperature, and
fragnmenting and cooling the extruded first nelt to forma particulate
conpounded material; (c) heating the particul ate conpounded-material to a
t enper at ure of about 165 to about [err] so as to forma second nelt and
extruding the second nelt at said 35 t enperature through an annul ar

spi nneret to produce a hot hollow fiber, the fiber having an original
length; (d) as the hot hollow fiber is extruded through the annul ar
spi.nneret, cooling the hot hollow fiber so -15- as to facilitate a
thermal |y i nduced phase separation of the cetlul ose acetate in the fiber
fromthe polyethyl ene glycol and the glycerine; (e) while cooling the hot
hol I ow fi ber, 5 longitudinally stretching the hollow fiber so as to
increase its length relative to the original length by no greater than
about 20 percent, thereby further facilitating the thermally induced phase
separation of cellulose acetate fromthe pol yethyl ene glycol and the 10
glycerine; (f) contacting the cooled hollow fiber. of step (e) with water
at a |l each tenperature of about 70 to about [err] so as to leach the

gl ycerine and the
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poI yet hyI ene glycol fromthe cellul ose acetate; 15 ' (9)
replasticizing the hollow fibers of step (f) by contdcting the fibers with
an aqueous sol ution conprising about 30 to about 40% w w gl ycerine; and (h)
removing water fromthe fibers of step (g) so as to confer on the fibers a
gl ycerine concentration 20 of about 45 to about 50% w w and a water
concentration of about 15 to about 18% w w when the fibers are.at
equilibriumw th the atnosphere. 17. A process as recited in claim 16
wherein, in step (h), water is renbved fromthe fibers by drying 25 t he
fibers in air at about 70 to about 800C 18. A process as recited in claim

16 wherein |, ongl t.udl na i ng the heol ow f| in s )
the ho||owf|b§ Q;Erg @é;? r Fe
o out

wal | thi tkness
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