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Diffusion and/or Filtration Device

Technical Field

The present disclosure relates to a diffusion and/or fil-
tration device comprising at least two different types of
hollow fiber membranes. The device can be used in hemodi-

alysis, hemodiafiltration and hemofiltration.

Description of the Related Art

Diffusion and/or filtration devices comprising hollow fiber
membranes are used in various medical treatments which re-
move unwanted substances from body fluids, e.g., blood. Ex-
amples of such treatments are hemodialysis, hemodiafiltra-

tion and hemofiltration.

The filtration devices generally encompass a casing com-
prising a tubular section with end caps capping the mouths
of the tubular section. A bundle of hollow fiber membranes
is usually arranged in the casing in a way that a seal is
provided between the first flow space formed by the fiber
cavities and a second flow space surrounding the membranes
on the outside. The first flow space is sealed off by end
caps placed on the tubular section which provide in-
flow/outflow access to the first space. The tubular section
generally comprises means for inflow/outflow access to the

second space.
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The person skilled in the art can chose from various types
of hollow fiber membranes having different separation prop-
erties, according to the separation characteristics desired
for the device. The individual types of membranes can dif-
fer in chemical composition; surface properties 1like
charge, coatings, hydrophilicity/hydrophobicity, functional
groups; membrane structure; or dimensions, e.g., length,
diameter, wall strength, pore size of the fibers. These
differences give rise to differences 1in the separation

properties of the individual membrane types.

In general, hollow fiber membranes are specifically devel-
oped for the intended application, and their separation
properties are designed to remove gpecific substances or
substances within a certain molecular weight range. If a
device having different separation characteristics is re-
quired, another type of membrane has to be selected, or, in
many cases, to be developed for the specific purpose. Thus,
a diffusion and/or separation device for liguids usually

only comprises a single type of hollow fiber membranes.

EP 1 201 293 Al discloses a bundle of hollow fiber mem-
branes intended to constitute the membrane of a device for
treating blood or plasma by extracorporeal circulation in
which the hydraulic permeability of the hollow fibers in
the bundle is heterogeneous and the ratio of the highest
hydraulic permeability measured on some hollow fibers of
the bundle to the lowest hydraulic permeability measured on
other hollow fibers in the same bundle is at least 5. The
bundle is obtained by preparing a bundle of hollow fibers
with a heterogeneous distribution of fibers within the bun-
dle insofar as the density of the hollow fibers is higher
in certain zones of the bundle than in other zones; mount-
ing the bundle of hollow fibers in a tubular casing com-

prising two axial openings; causing a hot, dry gas that is
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chemically inert towards the hollow fibers to circulate
through the bundle of hollow fibers not held at its ends,
at a temperature and flow rate that are suitable to cause
geometrical heterogeneity of the hollow fibers in the bun-
dle as regards the internal diameter and wall thickness of
the hollow fibers; stopping the hot dry gas from circulat-
ing when the geometrical heterogeneity of the hollow fibers
has been obtained. The effect of the treatment is said to
be that hydraulic permeability and transmittance of the
membrane in the device can be adjusted independently of
each other to a certain extent such that the hydraulic per-
meability of the membrane is low flux, medium flux or high
flux, while the transmittances, in particular as regards

toxins and proteins, are maintained at satisfactory values.

WO 01/66237 Al discloses a module with membrane elements in
a cross-flow and in a dead end-arrangement. The module com-
prises first and second membrane elements, which can be
hollow fiber membranes or flat sheet membranes. The first
membrane elements are embedded with their ends in casting
compounds in such a way that both their ends are open,
while the second membrane elements are open at one end and
closed at the other end. A fluid entering the module passes
through the first membrane elements in cross-flow mode and
is separated into a first filtrate and a retentate stream.
The first filtrate stream passes through the second mem-
brane elements in dead-end filtration mode, generating a
second filtrate stream which is reunited with the retentate

stream at the outlet of the module.

WO 98/33581 Al (US 6 271 023 B1l) discloses a membrane mod-
ule which contains at last two groups of hollow fiber mem-
branes arranged in layers and capable of being fed inde-
pendently by fluids. The membrane module has a housing

shell comprising a channel-shaped housing middle section,
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open at the top, and adjoining end pieces, also open at the
top and with a number of arms corresponding to the number
of groups. The groups of hollow fiber membranes are in-
serted as layers over one another such that they are ar-
ranged in the direction of the longitudinal extent of the
housing middle section and substantially parallel to each
other. The ends of hollow fiber membranes of different
groups are arranged in respectively different arms of the
end pieces and embedded with a sealing compound such that

at least one end of the hollow fiber membranes is open.

US 2009/139925 Al discloses a multi-zone polymer hollow fi-
ber membrane and a dialyser comprising said membrane. The
membrane is heat treated or portions of it are coated with
polymer coatings, so that it has at least two zones with

pores of different pore sizes.

WO 98/28064 Al (US 6 214 232 Bl) discloses an apparatus for
substance-specific treatment of fluids, comprising a hous-
ing with a distribution space and a collection space, be-
tween which is arranged a structure of adjacent flat first
and second layers containing first hollow fibers open in
the direction of the distribution space and closed in the
direction of the collection space, and second hollow fiber
membranes open in the direction of the collection space and
closed in the direction of the distribution space, respec-

tively.

US 4 880 440 A discloses hollow fiber multi-component cells
and permeator modules comprising two or more different per-
meable membranes capable of separating different components
of a fluid mixture, in particular a mixture of gaseous com-
pounds, for instance natural gas, producer gas, reactor gas
etc. Separate fluid permeate streams are obtained from a

single feed of a multi-component fluid mixture. The permea-
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tion cells are produced by winding two or more different

hollow fibers on a shaft and building an annular bundle.

WO 91/04758 Al discloses a combined blood heater/oxygenator
device which has a generally cylindrical shape and a blood
flow path which extends radially from a central blood dis-
tribution chamber through a first annular bundle of longi-
tudinally extending heat exchange fibers and then through a
second annular bundle of longitudinally extending gas ex-

change fibers.

It has now been found that separation properties of a dif-
fusion and/or filtration device can be fitted to show the
desired separation characteristics very efficiently, if at
least two different types of hollow fiber membranes with
differing separation properties are present in the hollow

fiber membrane bundle.

Summary

It is an object of the present invention to improve upon a
generic filter device, so that it exhibits desired separa-

tion characteristics.

According to one aspect of the invention, a diffusion
and/or filtration device 1is provided. The device comprises
a housing, a bundle of hollow fiber membranes arranged
within the housing, and end caps sealing the mouths of the
housing, wherein the bundle of hollow fiber membranes com-
prises at least two different types of hollow fiber mem-

branes.
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Brief Description of the Drawings

Figure 1 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and Poly-

flux® P170H filters;

Figure 2 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and Xenium®

210 filters:

Figure 3 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and FX-800

filters;

Figure 4 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and

Nephral® ST filters;

Figure 5 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and Poly-

flux® P21L filters;

Figure 6 shows sieving coefficients of albumin and ovalbu-
min in aqueous solution as well as liguid permeability of
devices comprising fibers taken from Theralite® and Poly-

flux® HD-C4 filters;

Figure 7 shows a schematic view of a setup for producing a

fiber strand comprising two different types of fibers. The
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fiber strand produced is comprised of 25% fibers of type A

and 75% of fibers of type B.

Detailed Description

One aspect of the present invention is a diffusion and/or
filtration device comprising a tubular housing, a bundle of
hollow fiber membranes arranged within the housing, and end
caps sealing the mouths of the tubular housing, character-
ized in that the bundle of semi-permeable hollow fiber mem-
branes comprises at least two different types of hollow fi-

ber membranes.

In one embodiment, the diffusion and/or filtration device
of the invention comprises:

a) housing means, said housing means defining a longitu-
dinally extending internal chamber including a first
end and a second end;

b) a bundle of semi-permeable hollow fiber membranes
disposed within said internal chamber, said hollow
fibers extending longitudinally from said first end
of said housing to said second end of said housing,
said hollow fiber membranes having an outer surface,
and a first end and a second end corresponding to
said first end and said second end of said internal
chamber, the lumen of said hollow fiber membranes be-
ing in fluid connection to said first end and said
second end of said internal chamber;

c) end wall means supporting said first and second ends
of said hollow fiber membranes within said internal
chamber so as to sealingly separate said first and
second ends of said hollow fiber membranes from said
outer surface of said hollow fiber between said first

and second ends thereof;
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d) first inlet means for the introduction of a fluid in-
to said first end of said housing means, said first
inlet means being defined by a first end cap covering
said first end of said housing;

e) first outlet means for the evacuation of a fluid from
said second end of said housing means, said first
outlet means being defined by a second end cap cover-
ing said second end of said housing, said first and
second end caps being applied to said first and sec-
ond ends of said housing in a fluid-tight manner;

f) second outlet means for the evacuation of a fluid
from said internal chamber at a location between said

first and second end of said housing means.

In one embodiment, the diameter of the housing is not uni-
form. The housing has a middle section where the diameter
is smaller than at the ends of the housing. Accordingly,
the distances between the individual hollow fibers are
smaller in the middle section of the device than at the end
faces of the hollow fiber bundle In another embodiment, the
housing has a diameter-expanding portion allowing hollow
fiber membranes to be placed in a way that the distances
between the hollow fiber membranes are gradually increased

toward the end faces of the hollow fiber bundle.

The housing and end caps of the device of the invention are
usually made of a transparent polymer, e.g. polyethylene,
polypropylene, polyesters like PET or PBT, polymethyl-
(meth)acrylate, polystyrene (HIPS) or polycarbonate. The
potting material for the hollow fiber membranes usually is
polyurethane. In one embodiment of the device of the inven-
tion, the housing and the end caps are made of polycarbon-
ate, the potting material forming the end wall means is

made of polyurethane.
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A characteristic feature of the device of the invention is
that the bundle of hollow fiber membranes comprises at
least two different types of hollow fiber membranes. The
individual types of hollow fiber membranes are distinguish-
ably different from each other with regard to at least one

property.

Examples of properties distinguishing two types of hollow
fiber membranes are chemical composition, structure or tex-
ture, surface properties, fiber geometry or performance

properties.

For instance, the individual types of membranes may be com-
prised of different polymers; or they may comprise differ-
ent polymers; or they may comprise the same polymers but in

different proportions.

Examples of suitable polymers that may be present in the
membranes comprise polysulfone (PsU), polyethersulfone
(PES), polyarylethersulfone (PAES); polyvinylpyrrolidone
(PVP); polyurethane (PUR); polyamide (PA); polymethylmeth-
acrylate (PMMA); polycarbonate (PC); polyacrylonitrile
(PAN); polyester polymer alloy (PEPA), polyvinyl acetate
(PVA); cellulose or cellulose derivatives such as cellulose
acetate (CA), cellulose nitrate or regenerated cellulose;
polyolefins like polyethylene (PE), polypropylene (PP), or
polystyrene (PS); and fluoropolymers, such as polytetra-
fluorcethylene (PTFE) or polyvinylidene fluoride (PVDF).
For instance, a bundle of hollow fibers may comprise one
type of membranes comprising PAES and PVP and another type

of membranes comprising PAN.

The individual types of membranes may have different struc-
tures or textures. The structure of the membranes may be

symmetric or asymmetric; they may have a layered structure



WO 2011/107517 PCT/EP2011/053125
10

comprising different layers or a different number of lay-
ers; the membrane structure may comprise finger-like struc-
tures or sponge-like structures. For instance, a bundle of
hollow fibers may comprise one type of membranes having an
asymmetric structure and comprising a layer comprising fin-
ger-like structures and another type of membranes having a
symmetric structure and comprising a layer of a sponge-like

structure.

The individual types of membranes also may have different
surface properties. For instance, the surface may be uni-
form or comprised of a plurality of individual domains; it
may be uncharged or carry localized charges, either posi-
tive or negative charges; it may be uncoated or coated; it
may have hydrophilic or hydrophobic properties; or it may
carry functional groups, e.g. groups which are capable of
binding to particular binding partners like toxins or anti-
bodies. For instance, a bundle of hollow fibers may com-
prise one type of membranes having a hydrophilic surface
and another type of membranes having a hydrophobic surface.
In another embodiment, a bundle of hollow fibers may com-
prise one type of membranes having an uncharged surface and
another type of membranes having a surface bearing local-

ized charges.

The individual types of membranes also may have different
fiber geometry, i.e. different internal diameter (ID), ex-
ternal diameter (0OD), wall thickness, cross sectional
shape, pore diameters or distribution of pore diameters
etc. For instance, a bundle of hollow fibers may comprise
one type of membranes having pores in the nanometer range
and another type of membranes having pores in the microme-
ter range. As fiber geometry is reflected in the perform-
ance properties of the membranes, these properties can be

used to distinguish between different types of membranes.
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One such property is the hydraulic permeability Lp of the
membranes. In the context of the present invention, two
types of membranes are congsidered to be distinct if their
hydraulic permeabilities, measured on mini-modules contain-
ing the individual membranes, as described in detail below,

differ by at least 20% and at least 5*10™° cm/bar*s.

In one embodiment, the bundle of hollow fibers in the de-
vice comprises at least one type of membranes having a hy-
draulic permeability of at least 50%10° cm/bar*s and at
least one other type of membranes having a hydraulic perme-

ability of less than 40*10™° cm/bar*s.

Sieving coefficients may also be used to distinguish be-
tween different types of membranes. In the context of the
present invention, two types of membranes are considered to
be distinct if at least one of their sieving coefficients
for myoglobin, ovalbumin, and albumin, respectively, meas-
ured on mini-modules containing the individual membranes,

as described below, differ by at least 20%.

The proportion of the different types of hollow fibers in
the bundle of hollow fibers in the device can vary over a
certain range. In one embodiment of the invention, the per-
centages of the different types of hollow fibers present in
the bundle are equal. In another embodiment, the majority
of the fibers in the bundle, for instance 70%, 80% or even
90% or more, belongs to one type of fibers, and the other
types of fibers present in the bundle together make up the
rest. In an exemplary embodiment having a bundle of hollow
fibers comprising two different types of fibers, one type
may be present in a proportion of 70% or more, for instance
80% or more, or 90% or more, or even 95% of the total num-

ber of fibers, whereas the second type of fibers is present
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in a proportion of 30% or less, for instance 20% or less,

or 10% or less, or even 5% of the total number of fibers.

The different types of fibers in the bundle of hollow fi-
bers of the present invention are uniformly distributed
throughout the entire bundle. In the context of the present
invention, “uniformly distributed” means that the propor-
tion of each individual type of fibers is more or less con-
stant throughout the entire bundle. In other words, when
looking at a cross-section of the bundle of hollow fibers,
the ratio of the individual types of fibers present in any
given circular subsection of said cross-section having a
radius of 10 mm does not differ by more than 20%, for in-
stance, not more than 10%, from the ratio in other similar

subsections of said cross-section.

One example of a type of fibers that can be used in the de-
vice of the present invention is a membrane comprising po-
lyethersulfone, polyamide, and polyvinylpyrrolidone having
an asymmetric 3-layer structure and showing a hydraulic
permeability Lp of about 5*10™" cm/bar*s, available from
Gambro and e.g. contained in filters sold under the trade

name Polyflux® P21L.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane comprising
polyethersulfone, polyamide, and polyvinylpyrrolidone hav-
ing an asymmetric 3-layer structure and showing a hydraulic
permeability Lp of about 80*10™* cm/bar*s, available from
Gambro and e.g. contained in filters sold under the trade

name Polyflux® P210H.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane comprising

polyarylethersulfone and polyvinylpyrrolidone and having an
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asymmetric 3-layer structure and showing a hydraulic perme-
ability Lp of about 80*10™ cm/bar*s, available from Gambro
and e.g. contained in filters sold under the trade name

Polyflux® Revaclear.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane comprising
polyarylethersulfone and polyvinylpyrrolidone and having an
asymmetric 3-layer structure and showing a hydraulic perme-
ability Lp of about 480*10™° cm/bar*s available from Gambro
and e.g. contained in filters sold under the trade name

Theralite®.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane made from a
copolymer of acrylonitrile and sodium methallyl sulfonate,
also known as AN69 membrane, having a homogeneous gel-
structure, available from Gambro and e.g. contained in fil-

ters sold under the trade name Filtral®.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane made from a
copolymer of acrylonitrile and sodium methallyl sulfonate
which has a homogeneous gel-structure and is coated with
polyethyleneimine, also known as AN69ST membrane, available
from Gambro and e.g. contained in filters sold under the

trade name Nephral® ST.

Another example of a type of fibers that can be used in the
device of the present invention is a membrane comprising
polysulfone and polyvinylpyrrolidone and having a nearly
uniform sponge-like structure, available from Fresenius

Medical Care under the trade name Helixon®.
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Another example of a type of fibers that can be used in the
device of the present invention is a membrane comprising
polyethersulfone and polyvinylpyrrolidone and having a
nearly uniform sponge-like structure, available from Mem-
brana GmbH, 42289 Wuppertal, Germany, under the trade name
PUREMA®.

The device of the present invention can be produced using
methods known in the art. The person skilled in the art
will not have difficulties in selecting the appropriate
equipment and production methods in accordance with the na-

ture and type of device to be produced.

One exemplary manufacturing process for the device of the
present invention uses different types of fibers provided
on individual spools. The spools are put on a rack and the
fibers from the individual spools are simultaneously pulled
onto a winding wheel, producing a fiber bundle among which
the individual types of fibers are homogeneously distrib-
uted. The winding wheel is rotated until a fiber strand

comprising the desired number of fibers has been obtained.

A schematic view of an example of the setup is shown in
Fig. 7. The spool rack (1) carries 12 spools (2) in total,
3 spools with fibers of type A and 9 spools of fibers of
type B, and every spool (2) delivers one fiber. The final
fiber bundle on the winding wheel (3) will contain 25% fi-
bers of type A and 75% fibers of type B. After 700 turns of
the winding wheel (3), a fiber strand with 8,400 fibers is
created, comprising fibers of type A and fibers of type B,

homogeneously distributed across the fiber strand.

The fiber strand is subsequently cut into bundles of appro-
priate length, e.g. 320 mm, and each bundle is transferred

into a housing, for instance, a cylindrical housing. To fa-
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cilitate transfer from the winding wheel, the fiber strand

may be wrapped in a polymer film before cutting.

Both ends of the fiber bundle in the housing are potted
with a reactive polymer system, e.g., polyurethane resin or
epoxy resin, to produce two separated fluid compartments,
one connected to the lumen surface of the hollow fibers and
the other connected to the outside surface of the hollow
fibers. After the reactive polymer system is cured, the

ends of the fiber bundle are cut to re-open the fibers.

Subsequently, assembly of the device is completed as known
in the art, e.g., by mounting end caps on the housing, add-

ing connectors, etc.

One embodiment of the invention is a device comprising (a)
hollow fiber membranes capable of removing cell-activating
molecules such as cytokines, for instance fibers having a
sieving coefficient for ovalbumin in aqueous solution of
0.80 or more and a sieving coefficient for albumin in aque-
ous solution of 0.40 or less (e.g., fibers contained in
filters sold under the trade name Theralite®), and (b) hol-
low fibers carrying functional groups and/or ligands capa-
ble of binding to endotoxins. The device optionally com-
prises (c¢) means for removing activated leukocytes from
blood, for instance a non-woven melt-blown web of cycloole-
fin copolymer fibers coated with Tween® 20 (as described in
WO 2007/25738 A2) disposed in at least one of the end caps

of the device.

The device is useful for treating patients suffering from
chronic or acute inflammatory diseases, e.g., sepsis, acute
kidney injury (AKI), rheumatoid arthritis, or inflammatory
bowel diseases like Crohn’s disease or ulcerative colitis.

It is envisioned that the device provides for an improved
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therapy of inflammatory diseases by extracorporeal blood
treatment, as it is able to simultaneously remove both en-
dotoxins and cell-activating molecules such as cytokines,
and, if (c) means for removing activated leukocytes from
blood are present in the device, even activated cells. Of
course, (c¢) means for removing activated leukocytes can
also be implemented in devices which only comprise either
fibers of type (a) or type (b), respectively, or devices
which comprise particles carrying functional groups and/or
ligands capable of binding to endotoxins, for instance,
columns packed with functionalized polymer beads. Also in
these cases, an additional benefit to the patient is ex-
pected, as the removal of activated leukocytes in addition
to the removal of cell-activating molecules or endotoxins,
respectively, will help to normalize the inflammatory

status of the patient more quickly.

It will be understood that the features mentioned above and
those described hereinafter can be used not only in the
combination specified but also in other combinations or on
their own, without departing from the scope of the present

invention.

The present invention will now be described in more detail
in the examples below. It is to be understood that the ex-
amples are not intended to limit the scope of the present
invention and are merely an illustration of a preferred em-

bodiment of the invention.

ExamEles

Preparation of mini-modules:

Mini-modules were prepared from commercially available

filters. The number of fibers required for a mini-module
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having a surface A of 360 cm” is calculated according to

equation 1:

A=mnxd: x1xn (1)
with
d; = inner diameter of fiber [cm]
n = number of fibers
1 = fiber length [cm]

In case of Nephral® ST (AN69ST) filters, the blood compart-
ment of the filter was rinsed by recirculation with one
liter of agueous glycerol solution (60% w/w) at 50 to 100
ml/min whilst the dialysate compartment was closed to avoid
ultrafiltration. After one hour, the blood compartment was
purged with cold air at a pressure of approx. one bar for

20 minutes. All other filters were used as received.

The housings of the filters were cut open and the fibers were
cut out. For each mini-module comprising two different types
of fibers, the required number of fibers from the
respective filters was collected and both fractions were
mixed to obtain a homogeneous bundle of fibers. The fiber
bundle was cut to a defined length of 20 cm and transferred
into a mini-module housing. The fiber ends were sealed by
melting and the ends of the fiber bundle were transferred
into a potting cap. In case of mini-modules comprising AN69ST
membranes, the bundles were purged with cold air for 20
minutes before the potting process was started. The fibers
were potted with polyurethane. After the polyurethane had
hardened, the potted membrane bundle was cut to a defined
length to open the ends of the membrane fibers and stored dry
before it was used for the performance tests. The minimal
distance between the polyurethane surfaces of the potted ends
was taken as the effective fiber length for calculating the

effective surface of the mini-module using equation 1.
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Measurement of hydraulic permeability (Lp)

The mini-module is immersed in RO water for 30 minutes.
Then the module is mounted into the Lp test device in hori-
zontal position under water thermostatted at 37 °C. The
mini-module is checked for leakages by perfusion of the
blood compartment with air, and then refilled with RO wa-
ter. Then a defined amount of water (e.g. 1 cm’) is fil-
tered through the membrane at a suitable gage pressure
(e.g. 130 mbar). The time required is measured and the hy-
draulic permeability Lp is calculated according to equation
2

Lp - . . - . . . . . (2)

Lp = hydraulic permeability [*107™* cm/ (bar*s)]

V = volume of water filtered through the membrane [cm?]
p = applied pressure [bar]

t = duration of measurement [s]

A = effective surface [cm?]

d = 1inner diameter [cm]

1 = effective fiber length [cm]

n = number of fibers

Measurement of sieving coefficients in aqueous solution

Sieving coefficients sc,, for ovalbumin (45kDa) and scaip
for albumin (66kDa) are measured on the same mini-module,
measurement of sc,, preceding measurement of scaip. The
mini-module is perfused with PBS buffer (approx. 30 ml) be-
fore each test. All test solutions are thermostatted at
approx. 37 °C. The test solutions are pumped through the
blood compartment of the mini-module by means of two vari-
able pumps located upstream and downstream, respectively,
of the mini-module. After 15 minutes, samples of the feed

solution entering the inlet of the module, the filtrate and



WO 2011/107517 PCT/EP2011/053125
19

the retentate leaving the outlet of the module are taken,
the protein concentrations in the respective solutions are
determined and the sieving coefficient is calculated ac-

cording to equation 3:

2 - C,
sc = ———— (3)
Cin + Cout
with
sc = sieving coefficient [%]
Cyr = filtrate concentration

C;, = concentration 1in inlet solution

Cour = concentration in outlet solution

Suitable PBS buffer can, for instance, be prepared from
concentrate (e.g. Lonza BE17-517Q) by dilution with RO wa-
ter. Albumin concentrations can, for instance, be deter-
mined by photometry using the biuret method; and ovalbumin
concentrations can, for instance, be determined by photome-
try using the Bradford test (e.g., with the Bio-Rad protein

assay) .

Measurement of sc.

The test solution (100 ml/l1 ovalbumin in PRBS buffer) 1is

perfused single pass through the blood compartment of the

1

mini-module at a fixed shear rate of 500 s and a fixed

intrinsic flow rate of 0.38 *10* cm/s. The inlet flow Qs

1

required for achieving a shear rate of 500 s 1is calcu-

lated according to equation 4:

y-n-m-d’ -60s/min

Qs = 32 (4)
with
Qs = 1inlet flow [ml/min]
Y= shear rate [s™']
n = number of fibers
d; = inner diameter [cm]
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The ultrafiltration rate required for achieving an intrin-
sic flow rate of 0.38 *10™° cm/s is calculated according to

equation b5:
Qp =J, - A-60s/min (5)

with
Qur = ultrafiltration rate [ml/min]
Jy = 1ntrinsic flow rate = [cm/s]

A = effective surface [cm?]

Measurement of sc.ib

The test solution (60 g/l albumin in PBS buffer) is per-
fused through the mini-module, and filtrate and retentate
are recirculated to the reservoir of the test solution.
Fluid pressure is measured at the inlet and the outlet of
the mini-module, and the trans-membrane pressure (TMP =

(Pin + Pout)/2) is set to 400 mmHg (0.53 bar) gage pressure.

Examgle 1

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser and
a Polyflux® 170H dialyser, both available from Gambro.
Mini-modules were prepared as described above using differ-

ent proportions of the two fiber types ranging from 0/100

to 100/0 percent. Lp [107“*cm/(bar*s)] and sieving coeffi-
cients for albumin (sc.ipx [3]) and ovalbumin (scer [%]) 1in

aqueous solution after 15 minutes were determined for the
mini-modules as described above. The results are shown in
Table 1 and Fig. 1. The values represent the mean values of
three determinations. As is evident from the data, when the
proportion of Theralite® fibers in the device is increased,
liquid permeability and sieving coefficient of albumin grow
linearly with the percentage of Theralite® fibers, but a

disproportionately high increase in the sieving coefficient
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of ovalbumin 1is observed. Thus, removal of ovalbumin is
drastically improved even at low percentages of Theralite®

fibers, while loss of albumin only increases slightly.

Tab. 1 Properties of mini-modules comprising fibers from

Theralite® and Polyflux® 170H dialysers

Theralite-P170H Lp Z:S: SCov Z:S: SCam Z:S:
05-100% 79.2 1.6 | 31.2 | 4.3 0.7 0.1
105-90% 120.6 | 4.7 | 56.4 | 4.3 5.0 0.4
20%-8053 140.6 | 9.1 | 60.9 | 6.5 8.0 0.1
105-60% 242.5 | 18.3| 75.1 | 5.6 | 15.7 | 1.4
605-40% 315.6 | 3.8 | 79.1 | 6.3 | 23.1 | 1.7
1005-0% 183.3 |13.8| 89.8 | 2.4 | 33.0 | 6.3

Example 2

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser,
available from Gambro, and a Xenium® 210G dialyser, which
comprised polyethersulfone hollow fiber membranes having an
inner diameter of 198 um and a wall thickness of 34 um,
available from Baxter Deutschland GmbH. Mini-modules were
prepared as described above using different proportions of

the two fiber types ranging from 0/100 to 100/0 percent. Lp

[107**cm/ (bar*s) ] and sieving coefficients for albumin
(scz1p [%]) and ovalbumin (sc.y [%]) in agqueous solution af-

ter 15 minutes were determined for the mini-modules as de-
scribed above. The results are shown in Table 2 and Fig. 2.
The values represent the mean values of three determina-
tions. As is evident from the data, when the proportion of
Theralite® fibers in the device is increased, liquid perme-
ability and sieving coefficient of albumin grow linearly
with the percentage of Theralite® fibers, but a dispropor-
tionately high increase in the sieving coefficient of oval-

bumin is observed. Thus, removal of ovalbumin is drasti-
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cally improved even at low percentages of Theralite® fi-

bers, while loss of albumin only increases slightly.

Tab. 2 Properties of mini-modules comprising fibers from

Theralite® and Xenium® 210G dialysers

Theralite-Xenium Lp ZZS: SCoyv ZZS: SCaib ZZS:
0%-100% 52.0 7.6 8.9 0.477 0.3 0.0
10%-90% 98.0 2.7 59.3 4.7 3.9 0.4
20%-80% 145.2 4.6 70.1 1.0 7.4 1.0
40%-60%" 228.3 12.0 77.5 1.3 11.8 0.8
100%-0% 483.3 13.8 89.8 2.4 33.0 6.3

“only two determinations
. extrapolated values, as the concentration was below the

determination limit of 20mg/L

Example 3

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser,
available from Gambro, and a FX-800 dialyser, which com-
prised polysulfone hollow fiber membranes having an inner
diameter of 198 um and a wall thickness of 43 um, available
from Fresenius Medical Care. Mini-modules were prepared as
described above using different proportions of the two fi-

ber types ranging from 0/100 to 100/0 percent. Lp [10°

“*cm/ (bar*s)] and sieving coefficients for albumin (scais
[3]) and ovalbumin (scey [%]) in aqueous solution after 15

minutes were determined for the mini-modules as described
above. The results are shown in Table 3 and Fig. 3. The
values represent the mean values of three determinations As
is evident from the data, when the proportion of Theralite®
fibers in the device is increased, liguid permeability and
sieving coefficient of albumin grow linearly with the per-
centage of Theralite® fibers, but a disproportionately high
increase in the sieving coefficient of ovalbumin is ob-

served. Thus, removal of ovalbumin is drastically improved
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even at low percentages of Theralite® fibers, while loss of

albumin only increases slightly..

Tab. 3 Properties of mini-modules comprising fibers from

Theralite® and FX-800 dialysers

Theralite-FX-800 Lp ZZS: SCov ZZS: SCaib ZZS:
0%-100% 45.0 1.2 26.3 2.2 1.3 0.2
10%-90% 74.5 8.0 49.9 4.4 4.6 0.4
20%-80% 112.6 8.8 61.7 3.8 7.9 1.2
40%-60%" 210.1 19.4 73.1 6.4 14.9 0.5
100%-0%" 480.3 39.2 94.0 1.1 31.5 0.4

" only two determinations

Examgle 4

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser and
a Polyflux® HD-C4 dialyser, both available from Gambro.
Mini-modules were prepared as described above using differ-

ent proportions of the two fiber types ranging from 0/100

to 100/0 percent. Lp [10™“*cm/ (bar*s)] and sieving coeffi-
cients for albumin (sc.ipx [3]) and ovalbumin (scer [%]) 1in

agqueous solution after 15 minutes were determined for the
mini-modules as described above. The results are shown in
Table 4 and Fig. 4. The values represent the mean values of
three determinations. As is evident from the data, when the
proportion of Theralite® fibers in the device is increased,
liquid permeability and sieving coefficient of albumin grow
linearly with the percentage of Theralite® fibers, but a
disproportionately high increase in the sieving coefficient
of ovalbumin 1is observed. Thus, removal of ovalbumin is
drastically improved even at low percentages of Theralite®

fibers, while loss of albumin only increases slightly.

Tab. 4 Properties of mini-modules comprising fibers from

Theralite® and Polyflux® HD-C4 dialysers
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Theralite-HD-C4 Lp ZZS: SCoyv ZZS: SCaib ZZS:
0%-100% 76.7 5.6 52.0 10.8 1.6 0.3
10%-90% 116.7 2.0 71.3 6.2 5.0 0.6
20%-80% 152.5 4.1 76.5 4.5 8.4 0.3
40%-60% 219.0 9.7 83.7 0.8 14.1 1.0
100%-0%" 480.3 39.2 94.0 1.1 31.5 0.4

" only two determinations

Example 5

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser,
and a Nephral® ST (AN69ST) dialyser, both available from
Gambro. Mini-modules were prepared as described above using
different proportions of the two fiber types ranging from
0/100 to 100/0 percent. Lp [107%*cm/(bar*s)] and sieving
coefficients for albumin (sca.ip [%]) and ovalbumin (scCe [%])
in aqueous solution after 15 minutes were determined for
the mini-modules as described above. The results are shown
in Table 5 and Fig. 5. The values represent the mean values
of three determinations. As is evident from the data, when
the proportion of Theralite® fibers in the device is in-
creased, liquid permeability and sieving coefficient of al-
bumin grow linearly with the percentage of Theralite® fi-
bers, but a disproportionately high increase in the sieving
coefficient of ovalbumin i1is observed. Thus, removal of
ovalbumin is drastically improved even at low percentages
of Theralite® fibers, while loss of albumin only increases

slightly.
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Tab. 5 Properties of mini-modules comprising fibers from

Theralite® and Nephral® ST (AN69ST) dialysers

Theralite-AN69ST Lp ZZS: scwé ZZS; SCaib ZZS:
0%-100% 8.2 0.9 17.7 2.7 0.1 0.0
10%-90% 42.2 5.4 73.3 0.7 5.2 0.8
20%-80% 91.5 4.2 82.4 3.3 10.3 0.4
40%-60% 174.0 10.4 84.9 2.4 17.1 1.6
100%-0%" 480.3 39.2 94.0 1.1 31.5 0.4

“only two determinations
. extrapolated values, as the concentration was below the

determination limit of 20mg/L

Example 6

Hollow fiber membranes were extracted from two different
commercially available dialysers, a Theralite® dialyser and
a Polyflux® 21L dialyser, both available from Gambro. Mini-
modules were prepared as described above using different

proportions of the two fiber types ranging from 0/100 to

100/0 percent. Lp [107%*cm/(bar*s)] and sieving coeffi-
cients for albumin (sc.ipx [%5]) and ovalbumin (scee [%]) in

agqueous solution after 15 minutes were determined for the
mini-modules as described above. The results are shown in
Table 6 and Fig. 6. The values represent the mean values of
three determinations. As is evident from the data, when the
proportion of Theralite® fibers in the device is increased,
liquid permeability and sieving coefficient of albumin grow
linearly with the percentage of Theralite® fibers, but a
disproportionately high increase in the sieving coefficient
of ovalbumin 1is observed. Thus, removal of ovalbumin is
drastically improved even at low percentages of Theralite®

fibers, while loss of albumin only increases slightly.
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Tab. 6 Properties of mini-modules comprising fibers from

Theralite® and Polyflux® 21L dialysers

Theralite-P21L Lp ZZS: SCov ZZS: SCaib ZZS:
0%-100% 4.5 0.2 6.5 0.7 0.9 0.4
10%-90% 35.9 12.2 75.4 2.1 11.6 0.9
20%-80% 95.0 3.9 77.6 2.3 15.0 1.0
40%-60% 172.9 17.8 87.77 1.8 26.2 1.6
100%-0%" 480.3 39.2 94.0 1.1 31.5 0.4

“only two determinations
. extrapolated values, as the concentration was below the

determination limit of 20mg/L
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Gambro Lundia AB PN1127-WO
S-220 10 Lund 02.03.2011

1.

Claims

A diffusion and/or filtration device comprising:

housing means, said housing means defining a longi-
tudinally extending internal chamber including a
first end and a second end;

a bundle of semi-permeable hollow fiber membranes
disposed within said internal chamber, said hollow
fiber membranes extending longitudinally from said
first end of said housing to said second end of
said housing, said hollow fiber membranes having an
outer surface, and a first end and a second end
corresponding to said first end and said second end
of said internal chamber, the lumen of said hollow
fiber membranes being in fluid connection to said
first end and said second end of said internal
chamber;

end wall means supporting said first and second
ends of said hollow fiber membranes within said in-
ternal chamber so as to sealingly separate gsaid
first and second ends of said hollow fiber mem-
branes from said outer surface of said hollow fiber
membranes between said first and second ends
thereof;

first inlet means for the introduction of a fluid
into said first end of said housing means, said
first inlet means being defined by a first end cap
covering said first end of said housing;

first outlet means for the evacuation of a fluid

from said second end of said housing means, said
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first outlet means being defined by a second end
cap covering said second end of said housing, said
first and second end caps being applied to said
first and second ends of said housing in a fluid-
tight manner;

f) second outlet means for the evacuation of a fluid
from said internal chamber at a location between
said first and second end of said housing means;

characterized in that the bundle of semi-permeable hol-

low fiber membranes comprises at least two different
types of hollow fiber membranes uniformly distributed

throughout the entire bundle.

2. The device of claim 1, wherein at least two types of
hollow fibers differ from each other in chemical composi-

tion.

3. The device of claim 1 or 2, wherein at least two types
of hollow fibers differ from each other in structure or

texture.

4, The device of any one of claims 1 to 3, wherein at
least two types of hollow fibers differ from each other in

surface properties.

5. The device of any one of claims 1 to 4, wherein at
least two types of hollow fibers differ from each other in

fiber geometry.

6. The device of any one of claims 1 to 5, wherein at
least two types of hollow fibers differ from each other in
hydraulic permeability Lp by at least 20% and at least

5¥107* cm/bar*s.
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7. The device of any one of claims 1 to 6, wherein at
least two types of hollow fibers differ from each other in
the sieving coefficient for albumin in agueous solution
measured on mini-modules containing the individual mem-

branes, by at least 20%.

8. The device of any one of claims 1 to 7, wherein at
least two types of hollow fibers differ from each other in
the sieving coefficient for ovalbumin in aqueous solution
measured on mini-modules containing the individual mem-

branes, by at least 20%.

9. The device of any one of claims 1 to 8, wherein at
least two types of hollow fibers differ from each other in
the sieving coefficient for myoglobin in agqueous solution
measured on mini-modules containing the individual mem-

branes, by at least 20%.

10. The device of any one of claims 1 to 9, additionally
comprising means for removing activated leukocytes from

blood.

11. The device of any one of claims 1 to 10, wherein the
percentages of the different types of fibers present in the

bundle of semi-permeable hollow fiber membranes are equal.

12. The device of any one of claims 1 to 10, wherein one
type of fibers present in the bundle of semi-permeable hol-
low fiber membranes accounts for at least 70% of the total
number of fibers, and the other types of fibers taken to-

gether make up the rest.
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13. A process for preparing the device of any one of
claims 1 to 12, comprising the steps of

a) providing a stock (1,2) of hollow fiber mem-
branes of at least two different types of hol-
low fiber membranes;

b) withdrawing hollow fiber membranes from said
stock(1l,2) of hollow fiber membranes, with the
proviso that the hollow fiber membranes with-
drawn from the stock comprise at least two
different types of hollow fiber membranes;

c) bundling the hollow fiber membranes withdrawn
from the stock (1,2) using bundling means (3)

to produce a strand of hollow fibers,

d) cutting the fiber strand into bundles;

e) transferring a bundle of hollow fibers into a
housing;

f) potting both ends of the fiber bundle in the

housing with a reactive polymer system to pro-
duce two separated fluid compartments, one
connected to the lumen surface of the hollow
fibers and the other connected to the outside
surface of the hollow fibers;

g) allowing the reactive polymer system to cure,
and thereafter cutting the ends of the fiber

bundle to re-open the fibers.

14. The process of claim 13, wherein the stock (1,2) of
hollow fiber membranes comprises hollow fiber membranes
wound on spools (2), the spools (2) being mounted on a rack

(1) and the bundling means (3) comprise a winding wheel.

15. Use of a device according to any one of claims 1 to 12

in hemodialysis, hemodiafiltration, or hemofiltration.
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